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Abstract
The repeated batch operation mode is generally considered to have the advantage o f a 
higher productivity in comparison with other modes such as batch and continuous 
culture. This process is similar to fed batch process except that some culture volume is 
periodically removed from the vessel and replaced with fresh medium.
In this study, batch cultivations o f Schizosaccharomycespombe (S.pombe) in shake flasks 
and in bioreactor was set up in a Edinburg minimal media (EMM2m) supplemented with 
glucose at 20 g/1. From these experiments the basic growth kinetics o f S.pombe have been 
investigated. In order to determine the best operating conditions and to gain a better 
understanding o f this organism, the effect o f various culture conditions such as age and 
size of inoculum and the effect o f initial glucose concentration on growth kinetics and on 
culture performance was studied. These results indicate that glucose is a limiting nutrient 
and can consume by the cells after 18 o f the inoculation.
The preliminary repeated batch cultivations in shake flasks were carried out under 
dillerent harvest fractions. Variation in cell number during batches was observed using 
80% as harvest fraction but cell concentration and glucose consumption in each cycle can 
be remain constant (steady state response) during repeated batch cultivation with 90% as 
harvest fraction. Therefor harvest fraction of 90% and dilution cycle time o f 18 hr was 
selected for repeated batch cultivation in a bioreactor. Under this feeding policy, the 
experiments were accomplished using 9 and 20 batch cycles. Reproducible culture 
response was resulted by using this strategy. However
In most cycle, cell number did not oscillated but in some cycles a fluctuation was 
observed which seems to represent chaotic cell dynamics.
Ihis study show that repeated batch cultivation can be applied as very reliable process 
and reproducible results can expected when other growth condition are constant. Thus 
applying this process is successful most o f the time and high yield and productivity can 
be expected.
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Chapter 1:
INTRODUCTION
Chapter I: Introduction
Chapter Ï: Introduction
The use of micro-organisms to transform biological materials for production of 
fermented foods has its origins in antiquity. Since then, bio-processes have been developed 
for an enormous range of commercial products, from cheap materials such as industrial 
alcohol, to expensive speciality chemicals such as antibiotics and vaccines. Advances in 
the understanding of cell growth have led to improvements in propagation strategies 
resulting in increases in yield and productivity. Nowadays, the development of an efficient 
propagation strategy is an essential part o f any food, chemical or phamiaceutical 
bioprocess. These strategies make use of the inherent characteristics of microbial cells and 
their biochemical components, such as enzymes, to manufacture new products more 
efficiently than before.
Traditionally, batch and continuous propagation strategies have been used in the 
biochemical industries. However, many different propagation strategies have also been 
developed from batch or continuous processes such as fed batch, repeated batch, repeated 
fed batch and semi-continuous operation, all of which can be used as alternatives to 
improve process performance.
This project concerns tire development, implementation and investigation of an automated 
repeated batch propagation system. The repeated partial emptying and refilling of growth 
media in a bioreactor at regular* intervals (this is termed the dilution cycle time or DCT) is 
the principle of this technique. During this process the fraction of liquor removed (this is 
termed the harvest fraction or HF) is generally kept constant. This process has been studied 
by many other researchers and a number o f them have reported that by employing this 
propagation strategy significant increases in overall productivity can be achieved as 
compared to conventional batch, fed batch or continuous operation.
Because yeasts are of major economic, social and health significance in human culture, 
they have often been used for microbial growth investigations. In modern times, they have 
found numerous other roles besides traditional food fermentation in areas related to 
genetics, biochemisti*y, the environment, biomedical research, and the health-care industry 
(Walker 1998). The yeast, Saccharomyces cerevisiae (S.cerevisiae) and 
Schizosaccharomyces pombe (S.pombe) have also been extensively studied in several key 
areas of fundamental biological science such as cell biology, and the control of the cell
1
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cycle. These two organisms serve as invaluable biological models for eukaryotic cells in 
such studies (Walker 1998). Although S.cerevisiae has been described as the most 
domesticated organism, and is still the most widely exploited yeast in industry, others such 
as S.pombe are now playing an important roles in modern biotechnology (May & 
Mitcheson 1995, Walker 1998).
In this project S.pombe has been selected as the model organism because of the similarity 
of its cell cycle to cell cycle of higher organisms and because it is o f interest to 
investigators who work in genetics, oncology and pharmacology. Information about the 
growth of this organism can help in the understanding of how other eukaryotic cells such as 
human cells grow, propagate and die. Therefore, it is important to investigate the growth of 
this organism under different conditions in order to interpret the results of applying 
repeated batch propagation strategies.
Identifying growth parameters and estimating kinetic parameters is one of the key initial 
steps in the understanding of the growth o f an organism. It provides information on how 
groW i is influenced by biological, physical or environmental factors, which is vital for any 
application in the biotechnology industry. Bio-chemical engineers can use this information 
to optimise the growth process, by applying different growth and operating conditions or by 
employing different feeding strategies. In addition, this information is used to control 
growth processes and improve process performance. Consequently, a key part o f tliis 
project has concerned the investigation o f the growth o f the model organism {S.pombe) in 
conventional batch culture, with emphasis being placed on growth kinetics and culture 
performance under different growth conditions.
Although it has been reported that the application o f repeated batch propagation strategies 
has resulted in higher productivity and process performance, difficulties have also been 
identified which make using this type o f propagation strategy less attractive. These 
problems are the potential for significant cycle to cycle variation in cell and product 
concentration and periodic unexplained catastrophic failures in growth, where growth is 
either very slow or non-existent (Nishizawa et al 1984, Stavroulkis(a) et al 1991 ). These 
problems have been attributed to factors such as natural batch-to-batch variation, media 
variation or poor control of operating conditions.
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Theoretical modelling work has suggested that variations in cell age distribution are a 
major factor in creating these problems (Faraday 1994). Indeed, this work demonstrated 
that in the absence o f any other potential influencing factors, variation in cell age 
distribution alone can explain all of these phenomena. This work also revealed that the 
selection of the repeated batch operating parameters, harvest fraction (HF) and dilution 
cycle time (DCT), is critically important in influencing the cell age distribution and hence 
the nature and impact of the cycle-to-cycle variation and catastrophic failure.
Given these findings, a detailed understanding o f and the ability to measure the cell age 
distribution would be extremely useful in controlling repeated batch processes. 
Unfortunately, although the former is attainable, accurate measurement of cell age 
distribution, especially on-line, is very difficult and of low resolution. However, Araujo 
(1998) has developed a model-based adaptive control strategy, which eliminates the need 
for the direct measurement o f cell age distribution, by directly employing the model’s own 
predictions instead. This control scheme has been applied to repeated batch culture in 
simulation, but not in practice.
1.1: Aims and objectives
The overall aim of this research programme is to develop an automated repeated 
batch propagation system which can be used to validate the findings o f Faraday (1994) and 
ultimately to provide a platform for the future development o f a complete model-based 
adaptive controller as proposed by Araujo (1998). To achieve this, the following objectives 
have been identified for the proposed reseai'ch programme:
1. To determine the basic growth and kinetic parameters for the selected model organism 
in conventional batch culture in both shake flasks and a small scale bioreactor (2 litres).
2. To select the best operating conditions for successful propagation in shake flasks and in 
the bioreactor.
3. To devise, construct and commission a fully automated repeated batch propagation 
svstem.
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4. To determine the influence o f the repeated batch operating parameters HF and DCT on 
process performance.
5. To compare process performance in repeated batch operation with that in conventional 
batch operation.
6. To validate the findings o f Faraday and Kirkby (1989) with respect to the influence of 
HF and DCT on cell age distribution and the resultant impact upon performance in 
repeated batch operation.
1.2: Overview of Dissertation
The rest o f this dissertation is structured as follows: in Chapter 2, some aspects o f 
carbohydrate metabolism in yeast and a review o f current knowledge of the yeast cell cycle 
is presented. In addition, the use of S.pombe in the investigation o f the cell cycle and its 
control, and in the co-ordination of growth and cell division during the cell cycle is 
summarised. Current studies o f the effects on growth of process variables, such as specific 
growth rate and dilution rate, are reviewed. Finally, cyclic fermentation methods, and in 
particular repeated batch cultivation, are introduced. The main operating parameters and 
effect of these parameters on process performance is described.
In Chapter 3, the methods and equipment used in this study, together with all procedures 
involved in setting up and running the cultivation experiments are described.
In Chapter 4, the experiments relating to the imderstanding of the basic growth kinetics of 
S.pombe are described and the results presented. Growth o f this micro-organism was 
investigated using a defined medium, EMM2m. In order to gain a better understanding of 
this organism, the effect of various culture conditions on growth kinetics and on culture 
performance was studied. To characterise the growth o f this organism and to determine the 
best operating conditions, an experimental program was prepared. From this program the 
effect of inoculum size and age, and the effect o f initial glucose concentration on 
population growth were studied. This study led to an evaluation o f cultme performance and 
the determination o f kinetic growth parameters.
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In Chapter 5, the development of the automated feeding, sampling and monitoring system 
is described. The principles o f the repeated batch system are outlined, together with the 
specifications for the automated feeding, sampling and monitoring system. This is followed 
by a detailed description of the system instrumentation.
In Chapter 6, the experimental data obtained for repeated batch cultures carried out in 
shake flasks and using the automated repeated batch system are presented. The effect o f 
operating parameters, HF and DCT, on growth variables and overall process performance 
is discussed.
Finally, in Chapter 7, the closing discussion is presented together with the overall 
conclusions from this study and the recommendations for future work.
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2.1: Introduction
The use of yeasts has increased greatly over the past few years in many commercially 
important industries, notably in the production of pharmaceuticals, food, beverages, 
chemicals, industrial enzymes, and agriculture (Walker 1998). A variety o f yeasts, have been 
employed in these sectors and have been studied extensively. The most commonly studied 
budding yeast is Saccharomyces cerevisiae (S.cerevisiae) and the most commonly studied 
fission yeast is Schizosaccharomycespomhe (S.pombe).
This section describes some aspects o f carbohydrate metabolism in yeast and a review o f 
current knowledge o f the yeast cell cycle. S.pombe has been used extensively in the 
investigation o f the cell cycle and its control. The co-ordination of growth and cell division 
during cell cycle is also summarised.
The current studies on the effects on growth and on process variables such as specific growth 
rate and dilution rate are then reviewed. Finally cyclic fermentation methods, in particular 
repeated batch cultivation, will be introduced. The main operating parameters and effect of 
these parameters on process performance will also be described.
2.2: Yeast metabolism
Y east metabolism refers to the biochemical assimilation and dissimilation of nutrients 
by cells (Lawrence 1995). In the assimilation processes the cell synthesises complex 
molecules by consuming energy obtained from molecules supplied as nutrients. In the 
dissimilation processes or catabolic pathways, complex molecules are broken dawn by the 
cells accompanied by the release o f energy which is captured by cells (Walker 1998, 
Lawrence 1995). These processes are mediated by enzymes (Walker 1998).
2.2.1: Glycolysis
The sequence of biochemical steps by which glucose is degraded to pyruvic acid is 
called glycolysis or the Embden-Meyerhof-Parnas (EMP) pathway. This is shown 
schematically in Figure 2.1. This metabolic pathway is central to the metabolism o f
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carbohydrates, having an important role in energy generation as well as furnishing 
hydrocarbon intermediates. It is an anaerobic system but the fate o f pyruvate produced by 
this pathway is determined by the type of cell and it may be metabolised in some yeasts an­
aerobically or aerobically according to the environmental conditions notably the 
concentration of glucose. Complete oxidation to caibon dioxide and water in occurs most 
aerobic systems, but under anaerobic conditions, a variety o f organic acids and solvents can 
be produced (Lovitt, R & .Tones, M, 1994).
2.2.2: Main metabolic fates of glucose
The fate of glucose in the yeast can be summarised in three reactions. In the first, the 
total oxidation o f glucose represents a summation of the glycolytic pathway and the 
tricarboxylic acid cycle (TCA). In this last, aerobic reaction, carbon dioxide and water are 
produced and oxygen is consumed. This is termed aerobic respiration or respiratative 
catabolism (reaction I ).
The second reaction represents partial oxidation o f sugar to ethanol and carbon dioxide and 
is termed anaerobic fermentative metabolism (reaction II). This reaction releases only little 
energy and is induced either by oxygen limitation or by high sugar concentration (McDonald, 
J. & Tsai, T 1989, Copella, S. & Dhurjati, P. 1989, Ki'istiansen 1993).
Using these reactions energy is captured resulting in the synthesis of adenosine triphosphate 
(ATP). Hydrolysis o f this molecule provides energy from both these pathways which can be 
used to generate new biomass. However yeast cells usually grow by a combination of these 
two methods called respi ro - fermentative metabolism. This reaction, which is energy 
consuming, is termed respiro-fermentative (McDonald, J. & Tsai, T 1989, Copella, S. & 
Dhurjati, P. 1989, Kristiansen 1993).
Reaction I Glucose (CcHnOt ) + 6 O2  respiration^ 6 CO2  + 6  H.O
Reaction II Glucose (Q H n O f,)   firmmtaiion ^  2 C 2 H 5 O H + 2 C O 2
A summary o f these pathways is illustrated in Figure 2.1
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Glucose
2ATP
2 glyceraldehyde 3-phosphate
4ATP
2 pyruvate
o 2 Acetaldehyde
21-ro 2NADH + 2 frX)o53< 2 NAD"
TCA
cycle
2 Ethanol
Figure 2.1: Summary of energy generation and fermentation products produced by yeast.
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2.2.3: Catabolic effects
One of the ways which respiration and fermentation in yeast cells can be regulated is by 
controlling the availability of glucose and oxygen as environmental factors. These factors 
refer to regulatory mechanisms such as the Pasteur effect (see Table 2.1) or the Crabtree 
effect (Walker 1998).
Louis Pasteur first observed (1872) that fermentation by brewer’s yeast (e.g. S.cerevisiae) 
decreased in the presence o f oxygen (Alexander, M. & Jeffries, T 1990). This effect is called 
“The Pasteur effect” which relates oxygen with the kinetics o f yeast glucose catabolism. 
Thus according to this effect glycolysis proceeds more slowly than if  oxygen was absent. It 
may be defined as an inhibition of fermentation by oxygen.
However this phenomenon is only observed when glucose concentrations are low (for 
example below 5 mMolar for S.cerevisiae) or under certain nutrient-limited conditions. 
(Walker 1998). In other words by the Pasteur effect, ethanol production is inhibited in the 
presence of oxygen. This effect also is called inhibition of fermentation by respiration 
(Fiechter et al, 1981, Alexander, M. & Jeffries, T 1990). This effect only happens at low 
glucose concentrations or under certain nutrient-limited conditions. It is also associated with 
decreased sugar uptake under aerobic conditions. This results in the reduction of 
fermentation rate but not of the respiration rate (Walker 1998).
2.2.3.1: The Crabtree effect
This effect is named after Herbert Crabtree, who noted in 1929 that glycolytic activity 
in tumour cells exerts an inliibitory effect on their respiration (Alexander, M. & Jeffries, T
1990). At increased levels of glucose concentration, the Pasteur effect no longer operates. 
Then the Crabtree effect, which depends on the glucose concentration comes into effect
(Copella, S. & Dhurjati, P. 1989, Walker 1998), This phenomenon (also referred to as the
glucose effect) relates glucose concentration with the particular catabolic route adopted by 
glucose-sensitive yeast (like S.pombe and S.cerevisiae). In the presence o f oxygen, even 
under aerobic conditions, fermentation predominates over respiration (Walker 1998,
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Alexander, M. & Jeffries, T 1990, Fischter 1981). Thus a short-term Crabtree effect can be 
observed as a sudden fermentation response when excess sugar is added to a non 
fermentative yeast culture (Walker 1998). It was also shown that the Crabtree effect and not 
the Pasteur effect, is more relevant regulatory phenomenon in growing yeasts (Alexander, M. 
& Jeffries, T 1990).
Phenomenon Description Comments Example
Pasteur effect Activation of sugar 
consumption rates by 
anaerobiosis
Only observable in nutrient-starved 
cells
S. cerevisiae
Crabtree effect
Inhibition of respiration 
by high glucose 
concentration
Cells continue to ferment irrespective 
of oxygen availability due to glucose 
repressing/inactivating respiratory 
enzymes
S. cerevisiae 
S.pombe
Table 2.1 : Regulatory phenomenon in sugar metabolism of yeasts (from Walker 1998)
The variation of nutrient or growth factors (i.e. oxygen) cause cells to grow in different 
ways. The impact o f cell environment on growth is related to events which occur during cell 
division in the cell cycle. The involvement o f the cell cycle in eukaryotic cells will be 
described in next section.
2.3: The Eukaryotic Cell Cycle
Howard and Pelc (1953) first postulated that the eukaryotic cell cycle consisted o f 
several phases. The eukaryotic cell cycle is the complete process o f DNA replication 
(copying), mitosis (nuclear division), and cytokinesis (cytoplasmic division) that leads to the 
production of two daughter cells from a single mother cell (Lawrence 1995). The cell cycle 
is thus the period between the end o f one cell division and the next. During this period, all 
contents of the cells double if  they are growing in an unrestricted maimer (Berry 1982).
11
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The cell cycle of a eukaryotic cell such as S.pombe is typically divided into four phases G l, 
S, 0 2  and M and their quantitative are shown in Figure 2.2 (Forsburg, S. & Nurse, P. 1991). 
The S phase is the period over which DNA synthesis occurs, the M phase is the period over 
which mitosis occurs and G l, and G2 represent the intervals (gaps) between M and S and 
between S and M respectively.
In slow-growing cells and abnormally small cells, the S phase is delayed. Under these 
conditions, the time between S phase and cell separation is constant (Elliott, S.,& 
Mclaughlin, C t, S., & McLaughlin, C. , S., & McLaughlin, C 1983) but in rapidly growing 
cells such as S.pombe cells the S phase begins immediately after mitosis (before cytokinesis 
is completed), and there is only a short G l phase. Thus cells spend a major proportion of 
time in G2 with a relatively short time in G l (Elliott, S.,& Mclaughlin, C t, S., & 
McLaughlin, C. , S., & McLaughlin, C 1983,Forsburg, S. & Nurse, P. 1991). Cells continue 
to grow mitotically until nutrients become depleted. At such a time, cells can undergo either 
of two alternative fates. They may arrest in G l or in G2, depending on environmental 
conditions (temperature and the limiting nutrient), or may enter into the stationary phase 
(Forsburg, S. & Nurse, P. 1991).
G2 P hase
Cell
Division
M eiosis
S Phase
Stationary
P hase
Stationary
PhasePhase
0 1  Phase
Figure 2.2: Proposed cell cycle o f S.pombe (Rodrigeuz, R,& Faraday 2001)
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2.3.1: Cell cycle phases
As stated before, events o f the cell cycle can be divided into four phases. DNA 
synthesis (S phase), a post-synthesis gap (G2), mitosis (M phase) and a pre-synthesis gap 
(Gl) (Walker 1998). Studies from genetics of budding (S.cereviseae) and fission {S.pombe) 
yeast revealed that a whole series of monitoring procedures occurred before progression 
around the cell cycle phases was allowed. It was shown that each phase relied on the 
synthesis and activity of a great range of enzymes whose complex interaction affects cell 
cycle control (Berry 1982).
2.3.1,1: M-phase
The typical process of nuclear division in euokaryotic cells, in which each member o f 
duplicated chromosomes segregates into a daughter nucleus is termed mitosis (Lawrence 
1995). In mitosis the contents o f the nucleus first condense to form visible clmomosomes, ai e 
pulled apart into two equal sets; then in cytokinesis, the cell itself splits into two daughter 
cells, each receiving one of the two sets o f chromosomes. These two events, however, 
together occupy only a brief period known as the M- phase, in the cells cycle. The much 
longer time between one M phase and the next is Icnown as interphase (Alberts, et al 1989). 
During interphase (see Figure 2.3), cells grow. When mitosis is initiated cells stop growing 
and enter the so-called constant volume phase o f the cell cycle. Upon completion of the 
mitosis they form a centrally placed division septum and then divide (Walker 1998).
2.3.1.2: Interphase ( S , G l and G2 phases)
In most cells the DNA in the nucleus is replicated during only a limited portion of 
interphase; this period of DNA synthesis is termed S phase of the cell cycle (Alberts, et al 
1989). Between the end o f the M phase and the beginning of the DNA synthesis, there is 
usually an interval, known as the G l phase; a second interval, known as the G2 phase, 
separates the end of the S phase from the beginning o f the next M phase. Interphase is thus 
composed of successive G l, S and G2 phases and it normally comprises 90% or more o f the 
total cell cycle (Alberts, et al 1989). DNA is synthesised during a brief period in the S.pombe 
cell cycle. In Fission yeast this S phase period is very short (10-15 min), about 10% o f the
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cell cycle (Elliott, S.,& Mclaughlin, C t, S., & McLaughlin, C . , S., & McLaughlin, C 1983, 
Berry 1882).
FISSION YEAST (Schizosaccharomyces pombe)
spindle pole body
C o j
nuclear envelope
microtubules spindle pole body
chromosomes
cprm
Figure 2.3: The cell division yeast during cell cycles (From Alberts, et al 1989 
''Molecular biology o f  the cell edition, p: 738
2.3.1.3: Q uiescent phase (Go)
Eukaryotic cells such as S.pombe do not divide continuously. Under certain 
environmental conditions they stop cell division, leave the cell cycle and enter a stable 
quiescent state. If cells are exposed to starvation conditions signals are sent such that these 
do not undergo successive mitoses and exhibit periods where metabolic activity is at a 
minimum (Nurse, et al 1998). In this stable quiescent phase cells are not only viable but also 
more resistant to thermal heat shock than cycling cells.
The fission yeasts such as S.pombe can enter into a quiescent phase (Go) from any phase 
(G l. G2, S, and M) o f cell cycle (Bostock 1970,Nurse,e/ al 1998). These findings indicate 
those mechanisms involved in entry to or exit from a quiescent phase may be useful for 
stud\ ing other eukaryotic cells such as tumour cells in clinical oncology.
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2.3.2: Checkpoint control
111 most eukaryotic cells this coordination o f events (cell cycle phases) is carried out at 
three check (decision) points. A checkpoint is a stage of the cell cycle where progress is 
halted until certain ‘surveillance mechanisms’ relay signals that conditions are suitable for 
resuming progress through the cell cycle (Novak, et al 1998). It known that in eukaryotic 
cells such as S.pombe and S.cerevisie, nutrient starvation arrests cells at checkpoints in the 
cell cycle to avoid DNA damage or cell death (Walker 1998).
One of the principal concerns in the study of the cell cycle is the control of progression 
through the checkpoints. These checkpoints occur at the transition between the Gl and S 
phases and between the G2 and M phases. Checkpoints are major control points that can be 
considered as internal regulatory systems that arrest the cell cycle. For example a standaid 
cell size, is a control mechanism that prevents cells from passing a critical point called 
START and embarking on a division cycle. Cells do not progress until they have reached a 
threshold size. Several of the key yeast cell-division-cycle (cdc) genes involved in this 
control have been identified. One o f these is known as cdc2 in fission yeast (Alberts, et al 
1989).
In eukaryotic cells there are three main transition points which control the cell cycle; Gz/M 
checkpoint, G,/S checkpoint and Metaphase checkpoint. In rapidly growing cells, S phase 
begins before cytokinesis is complete, and there is only a very short G l phase. Under these 
conditions cells exert cell cycle control particularly at G2/M tiansition, where information 
about cell size and nutrients is monitored (see Figure 2.3). If the cell size is unusually small 
because o f mutation (DNA structural changes) or nutrient depletion, then the cell extends its 
Gl phase to allow the cells to reach a critical size before they cross the G l/S  transition 
(Forsburg, S. & Nurse, P. 1991).
2.3.3: Linkage between growth and the cell cycle
To understand the linkage between growth and the cell cycle, two situations may be 
considered. First, whereas the growth rate of a cell remains constant, the cell size would be
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controlled by the duration of the cell cycle (the more often cell division occurs the smaller 
cells would be). Secondly if the duration o f the cell cycle remains constant, the size of the 
cells could be controlled by the rate o f growth of the cell. (The slower the rate of growth, the 
smaller the cells would be). Evidence from both S.cerevisiae and S.pombe indicate that cell 
size is controlled by variation in the length of the cell cycles and not in variation in growth 
rates (Berry 1982).
2.3.4: Theoretical studies of the cell cycle
The cell cycle has been studied theoretically by many investigators (Mitchison, J.,& 
Creanor, J 1971, Bennett, D.,et al. 1980, Elliott, S.,& Mclaughlin, C t, S., & McLaughlin, 
C.. 1983. Nurse 1985, Forsburg, S. & Nurse, P. 1991, Tyson 1991, Faraday & Kirkby 1994, 
.lorgenson and Faraday & Faraday 1995, sennerstam 1995, Araujo & Faraday 1996, Chau 
?..et al 1998 1996, Novak et al 1995,1998). The cell cycle of the fission yeast S.pombe had 
been extensively studied. This organism has been widely used in many areas where has 
many applications as a research tool; in medical (cancer) research, genetics, (metabolic 
pathways) and in industry (beer production). Some of these studies led to the development of 
a cell cycle model for cell proliferation (Tyson 1991, Faraday & Kirkby 1994, Sennerstam 
1995. Faraday 1996, Chau P.,e/ al 1996, Rodrigeuz & Faraday 2001). These models consider 
cell cycle phases, transitions (phase changes) checkpoint control, cell growth, death and 
environmental effects oil the cell cycle. According to these considerations a specific model 
was developed which is capable of describing a large range of cell culture behaviour which 
may not be confirmed by a Kinetics model such as that of Monod.
2.3.4.1: The modelling framework (CELCYMUS)
The modelling framework (CELCYMUS) is a generic cell cycle model developed by 
Faraday & Kirkby (1994). The model describes the cell population in term o f an age 
distribution. This model has proven successful in simulating and predicting the growth o f the 
hybridoma cell as a eukaryotic cell line over a range o f process conditions (Araujo and 
Faradayl996).
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2.3.4.2: The specific cell cycle model
The specific cell cycle model for a hybridoma cell line has been developed by Faraday 
and Kirkby (1994). For fission yeast S.pombe this model has been developed by Rodrigeuz 
& Faraday (2001). Both models have been developed within the generic modelling 
framework of CELCYMUS. The specific cell cycle model of S.pombe is a one-dimensional 
age-based population balance. It includes the four typical phases (S, G2, M and G l) with the 
Gl phase divided into two phases (G la, G ib) and two checkpoints that govern the 
movement of cells between G ib  and S, and G2 and M phases. Parameters in the S.pombe 
model have been gathered from experimental data in batch culture reported in literature.
Data generated from this specific model are yet to be compared with data from real 
experiments for determination of population balance, consumption of nutrients, behaviour of 
batch and continuous cultures.
2.3.4.3: Application of cell cycle model
Cells consume and excrete materials at different rates around the cell cycle. Therefore, 
change in age distribution can be beneficial to, or can determine, the overall performance of 
a fermentation process. The specific cell cycle models (for S.pombe or for hybridoma cell 
line) can simulate the growth, consumption and production kinetics o f these cell lines under 
a variety of different culture conditions. Their validity can also be confirmed by comparison 
with experimental data. These models can be used to investigate either conventional batch 
and continuous cultures or to investigate cyclic cultures such as repeated batch or in semi- 
continuous of feeding (Faraday 1994).
The specific cell cycle model is based on age distribution. This model can be used as a 
model based observer (MBO) to predict cell age distribution within the fermentation. With 
this information available, a more favourable cell age distribution can be attained by 
changing process conditions. This will result in a better process performance. The specific 
cell cycle model was applied successfully in MBO control of bioreactor (Araujo 1998), In 
this control strategy, a specific cell cycle model was employed to simulate a model o f a 
bioreactor. A copy of the specific model was also used as a real process. The control strategy 
was thus applied to a simulated bioreactor.
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2.4: Fission yeast Schizosaccharomyces pombe
Fission yeast first attracted human attention as the organism used to produce the African 
beer called (millet beer or 'pom be' and palm juice gin or Ogogoro). This organism is used in 
traditional African alcoholic beverages. However it is also used in rum fermentation, the de- 
acidification o f wines and also can be used as fuel due to its high ethanol tolerance and for
biomass protein (Walker 1998). It is also used as an expression vector Although fission yeast
and budding yeast are both used in brewing, they are very different from each other. Fission 
yeasts grow and divide differently from budding yeast. Fission yeasts are rod shaped cells that 
do not produce buds but grow by elongation and divide (Figure 2.4) into two equally sized 
daughter cells by laying down a cell wall across the middle of the rod (Murray and Hunt 1993, 
Walker 1998).
The llssion yeast S.pombe is a eukaryotic cell and its cell cycle is similar to that of higher 
organisms with distinct G l and G2 phases (Walker 1998,Forsburg, S. & Nurse, P. 1991). 
S.pombe cells grow with a constant diameter, growing only in length throughout the cell cycle 
and divide by binary fission. Some information about S.pombe for both haploid (cells with one 
set of chromosomes) with and diploid cells (cells with two sets of chromosomes) are 
illustrated as Table 2.1.
a  Im m #
%
Figure 2.4; Photograph o f S. pombe cells showing the cell size (left). A population of cells (right) 
with uniform cell diameter. (From MuiTay & Hunt .Oxford university press, 1993)
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Haploid cell
12-15 pm length at division 
3 - 4  pm width (constant)
Diploid cell
20 -  25 pm length at division 
4 -5  pm width (constant)
1-2 X  10  ^cells (haploid) 0.5 g wet weight
G row th medium T em perature G eneration time
YE
25 *"0 3 h
29 °C 2 h 30 min
32 °C 2 h 10 min
Minimal
25 °C 4 h
29 °C 3 h
32 °C 2 h 30 min
Table 2.2 Attributes o f S.pombe
2.4.1 : Variation of cell volume and cell size in the cell cycle o f S.pom be
A study of the rate o f mass accumulation in S.pombe suggests that the mass o f the cells 
increase linearly with doubling during the cell cycle (Elliott, S.,& Mclaughlin, C 1983). 
Also the cell volume o f S.pombe increases exponentially for 3/4 o f the cell cycle time and 
then remains constant. This increase can be explained by the increase in cell length (Elliott, 
S..& Mclaughlin, C 1983. McDonald, J. & Tsai, T 1989, Walker 1998, Forsburg 2002).
On the other hand cells divide proportionally (symmetrically), so the size o f the cells at the 
same position in the cell cycle is fairly uniform. Secondly, fission yeast grow only in length 
and not in diameter. Thus this information may be used to analyse the relationship between 
cell size and the cell cycle for example measuring the length of individual cells can provide 
an easy and precise way o f following cell growth during cell cycle (Murray and Hunt 1993).
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For this purpose a study of the form and structure o f the cell o f S.pombe and cell division 
have been examined using chemostat and batch cultures. Several workers have reported data 
on the relationship of the cell size and specific growth rate (McDonald, J. & Tsai, T 1989). 
In continuous glucose limited culture, the cell size decreases as the specific growth rate 
increased from 0.05 /h to 0.2 /h (doubling time of approximately 13 to 3.5 hours). The size 
then increases by increasing specific growth rate further to 0.46 /h  (doubling time o f 1.5 
hours).
Also the cell morphology, size and volume can be influenced by the specific growth rate of 
S.pombe when the dilution rate in chemostat growth cultures is constant (Johonson 1983). 
The size may also be influenced by the culture growth conditions such as the dissolved 
oxygen (DO) level (McDonald, J. & Tsai, T 1989, Fants, P., & Nurse, P., 1977).
Chemostat culture studies of S.pombe have also shown that the cell length and volume 
increases during a small portion of the cell cycle when specific growth r-ate (or dilution rate) 
increases from 0.1 /h to about 0.28 /h (doubling time of approximately 7 to 1.5 hours) 
(McDonald, .1. & Tsai, T 1989). Fants and Nurse (1977) also found that, in continuous 
nitrogen limited culture, the mean doubling volume o f cells increases as the dilution (or 
specific growth) rate was increased in a chemostat (Agar & Baily, D..& Baily, J.
1981.McDonald; .1. & Tsai, T 1989).
In batch culture when the specific growth rate is increased, a smaller portion o f the cell cycle 
was required for an increase in the total length of cells. The cells grew in length during only 
75% of the cell cycle (McDonald, J. & Tsai, T 1989, Mitchison 1970). Cell volume also 
increase at high specific growth rate in batch culture with nitrogen limited (Agar & Baily 
1981. McDonald. J. & Tsai, T 1989). Other results (,McDonald, J. & Tsai, T 1989) indicated 
that at high specific growth rates, DNA synthesis (S phase) was complete near the time of 
cell separation and lasts for one-tenth of the generation time (McDonald, J. & Tsai, T 1989).
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2.4.2: M etabolic regulation in S.pom be
Glucose can be utilised for growth and energy production by being catabolised 
respiratively (see reaction I in section 2.1) to carbon dioxide (CO2) and water or 
fermentatively (see reaction II in section 2.1) to CO2 and ethanol (McDonald, J. & Tsai, T 
1989). Also investigations in both batch and continuous (Chemostat) cultures, confirms that 
glucose oxidisation (reaction I) occurs at a low sugar level (W alker 1998, Copella, S. & 
Dhurjati, P. 1989). This reaction is called Respirative metabolism.
Under anaerobic conditions purely fermentative glucose metabolism (reaction II) occurs 
(Pasteur effect) but respirative glucose metabolism (reaction I) can occur in aerobic batch 
cultures or in continuous cultures with low dilution rates (Copella, S. & Dhurjati, P. 1989, 
McDonald. .!.& Tsai, T. 1989). In aerobic continuous culture at the high dilution rates, both 
respirative and fermentative pathways are active and the growth is called “Respiro 
Fermentative” (McDonald, J. & Tsai, T 1989,Copella, S. & Dhurjati, P. 1989).
Studies of metabolic regulation in yeasts show that the Crabtree effect does not operate in 
S.pombe cells. This effect can be identified by fermentation occurring under aerobic 
conditions, that is when respiration should be active. It was believed to result from 
repression of respiration by fermentation (Alexander, M. & Jeffries, T 1990).
2.4.3: Cell cycle of S.pombe
The cell cycle of S.pombe as a eukaryotic cell is typically divided into four phases G l, 
S. G2 and M (Forsburg, S. & Nurse, P. 1991). Figure 2.2 shows a schematic diagram of the 
cell cycle of S.pombe. This cell like other eukaryotic cells does not divide continuously. 
Under certain environmental conditions, division stops, cells leave the cell cycle and enter a 
qiiiesent phase (Nurse,a/ al 1998). The cells can enter a quiesent phase in any phase (G l, G2, 
S. and M) of cell cycle (Bostoke 1970,Nurse,ef al 1998, Forsburg 2002). In slow-growing 
cells the S phase is delayed. Under these conditions, the time between S phase and cell 
separation is constant (Elliott, S.,& McLaughlin, C 1983). Flowever in rapidly growing 
S.pombe cells, the S phase begins immediately after mitosis before cytokinesis is completed,
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and there is only a short G l phase. Thus cells spend a major proportion o f time in G2 
(Elliott, S.,& Mclaughlin, C t, S., & McLaughlin, C. , S., & McLaughlin, C 1983,Forsburg, 
S. & Nurse, P. 1991).
Under these conditions S.pombe exerts cell cycle control particularly at the G2/M checkpoint 
(see Figure 2.3). In other eukaryotic cells it has been shown that if  the cell size is unusually 
small then the cell extends its G l phase to allow the cells to reach a critical size before they 
cross the G l/S  transition (Forsburg, S. & Nurse, P. 1991, 2002). S.pombe cells continue to 
grow until nutrients become depleted. After this time cells may arrest in G l or in G2, 
depending on environmental conditions (temperature and the limiting nutrient), or enter the 
stationary phase (Forsbui'g, S. & Nurse, P. 1991, Forsburg, 2002).
2.4.4: Cultivation processes of S .pom be  
2.4.4.1 : Batch process
Batch fermentation by S.pombe has been investigated of many investigators (Yagi, et 
al 1998, May, J. & Mitchison, J. 1995, Underwood & Faraday 1994, Milbradt & Hofer 
1994.De Queiroz et al 1990, Mahadi & May 1987, Hofer & Nassar 1987, Barford 1985a). 
The growth kinetics o f S.pombe under various culture conditions such as constant pH, 
ethanol concentration and oxygen concentration in shake flasks (Mahadi & May 1987) and 
in bioreactors (De Queiroz et al 1990) have been investigated. The cell cycle has also been 
studied by investigating growth using a batch system (May & Mitchison 1995). This 
technique was also used to identify some cell cycle parameters such as total cell cycle time
(60 min) and duration of the (S+G2+M) phases (45 min). Metabolism of sugar under aerobic
and anaerobic conditions (Hoffer & Nassar 1987), for the control of respiration and 
fermentation has also been investigated in this yeast using batch fermentation (Barford 
1985a). A summary o f published information about batch cultivations o f S.pombe is given in 
Table 2.3.
2.4.4. LI: The overall view of the growth in the batch culture
Barford showed that in fully aerobic batch cultures, a relatively, constant specific 
oxygen uptake rate o f 80 ml oxygen / (g biomass.h) for glucose and 60 ml oxygen / (g
22
Chapter 2: literature review
biomass.h) was seen. Typical growth curves with a maximum cell biomass value between 
1.5 and 1.8 g/1 was also obtained when exponentially growing inocula was used for 
inoculation. In this study S.pombe cells were grown in modified EMM2 medium (Mitchison) 
and Barford medium in which different sugars as limiting substrates such as glucose, 
maltose and fructose were used (Barford & Hall 1979).
In these experiments medium with an initial sugar concentration of 7.5 g/1 glucose was used. 
When other sugars were used it was at a level higher than that of glucose (9.5 g/1). Also 
when glucose was used the time necessary to reach a maximum biomass was 6 h shorter than 
the other sugars. Some o f the main growth parameters such as specific CO2 production rate 
and the oxygen uptake rate in batch cultures are represented in Table 2.3. In this process the 
values of 0.174 g biomass / g substrate as a biomass yield and 0.34 g / g substrate as ethanol 
yield were obtained.
The maximum specific growth rate also varied between 0.17 to 0.29 (/h). Also the 
maximum cell concentration o f 1.5 g/1 from initial cell concentration of 0,075 g/1 was 
obtained. It also showed that glucose was consumed completely during 16 hours from 7.5 g/1 
to zero and ethanol increased from zero to 3.5 g/1. Also by using a-small volume o f young 
inoculum (5% w/v at exponential phase), a constant specific oxygen uptake rate of 80 ml /(g 
biomass.h) was obtained which is comparable to a fully aerobic continuous culture of 
S.pombe (Barford 1985b)
2.4.4.1.2; Metabolic events in the batch cultivation o f  S .p o m b e
The profiles o f growth parameters, such as biomass, glucose, ethanol concentrations, 
specific oxygen uptake and carbon dioxide production rates in the aerobic batch process of 
S.pomb. are illustrated by Barford (1985a). This study led to indicate predominately 
fermentative metabolism. Obtaining low values o f biomass yield and ethanol excretion 
shows that cells are growing with a relatively low respiratoiy capacity (Barford 1985a).
Batch experiments also show that in glucose sensitive culture, S.pombe cells grow on 
glucose by aerobic respiration only. They do not grow on ethanol by aerobic ethanol 
oxidation. Therefore during S.pombe batch cultivation growth only one exponential phase
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exists (no diauxie phase is seen) and under this condition accumulated ethanol can not be 
oxidised by S.pombe cells whereas S.cerevisiae cells can (Fichter 1981).
According to experimental work in shalce flasks the growth kinetics and product yields o f 
S.pombe are not affected by the different vessel configurations or by different catabolism 
(Copella. S. & Dhurjati, P. 1989). Also kinetic results obtained in shake flasks for 
fermentations o f S.pombe are similar to batch experiments results in bioreactors. Yields o f 
glucose fermentation in both systems are the same even though aeration and pH are not 
controlled in a shake flask. Finally variation of the pH range from 5.4 to 6.6 does not affect 
the kinetics of S.pombe (Copella, S. & Dhuijati, P. 1989). Comparison o f the metabolic 
parameters o f the aerobic batch growth of S.pombe with glucose as the limiting substrate 
with other yeast cells {e.g. S.cerevisiae) showed similar results (Barford 1985a).
According to Barford investigations (1985a), in batch culture of S.pombe no evidence o f the 
glucose effect (Crabtree effect) has been obtained under maximum respiratory capacity (82 
ml oxygen per g o f biomass per h). Thus it may be concluded that respiratory repression (i.e. 
the Crabtree effect) does not exist in S.pombe. Also this work shows that at high 
concentration o f glucose using different sugars as a limited substrate makes no difference to 
results obtained for respiratory repression experiments (Barford 1985a).
2.4.4.2: Continuous processes
The growth o f S.pombe using continuous culture was studied for different aims 
(.lorgenson and Faraday et al 1995, Pareilleux et al 1993, Alexander, M. & Jeffries, T 1990, 
Dijken 1989. McDonald, J. & Tsai, T 1989, Barford 1985b and 1979, Agar & Baily 1981). 
By this technique the overall growth kinetics (Agar & Baily 1981) and influence o f 
environmental parameters on kinetics were investigated (Pareilleux et al 1993). An attempt 
was made to enhance the productivity o f the continuous fermentation process by using the 
cell cycle (Jorgenson and Faraday 1995). The latter study showed that operational 
parameters such as switching cycle time is closely linked to the cell cycle kinetics of the cell 
being propagated and an increase in the average of cell concentration was observed when 
this type o f feeding strategy was used.
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In glucose limited cultures of S.pombe a novel multiple steady state phenomenon was 
observed when the procedure was started with a relatively low continuous flow rate after 
batch growth at the end of exponential phase (Agar & Baily 1981). The resulting steady state 
population had characteristics significantly different from those obtained at approximately 
same dilution rate with a high flow rate (normal start up procedure). It was also observed 
that cells can aggregate under starvation conditions such as low dilution rate. It is therefore 
possible that, this kind o f response occurs when the bioreactor is switched from batch to 
small dilution rate in continuous operation as was observed. A summary o f published 
information about continuous cultivations of Spom be is given in Table 2.3.
2.4.4.2.1: An overall view of growth in the continuous culture
For S.pombe cell, the major growth variables such as cell dry weight, glucose and 
ethanol concentrations, and cell number were determined. Profiles o f the growth specific 
oxygen uptake and carbon dioxide production rates as a function o f dilution rate were also 
obtained (Agar & Baily 1981).
2.4.4.2.2: Metabolic events in the Continuous Culture o f  S .p o m b e
The carbon metabolism of S.pombe  ^ (McDonald, J. & Tsai, -T 1989) and control of 
respiration and fermentation (Barford 1985b and 1979) and influence of the Crabtree effect 
on different yeast strains have been investigated in continuous culture (Alexander, M. & 
Jeffries. T 1990, Dijken 1989). According to Barford investigations (1985b), in chemostat 
cultures o f S.pombe no evidence of the glucose effect has been obtained under maximum 
respiratory capacity (85 ml oxygen per g of biomass per h).
Thus it may be concluded that respiratory repression (i.e. Crabtree effect) does not exist in 
S.pombe (Barford 1985b). This confirms that total respiration of the incoming sugar occurs. 
Above the critical dilution rate, biomass concentrations (yields) are low, ethanol excretion 
occurs and residual sugar increases. This is consistent with a predominantly fermentative 
metabolism (Barford 1985b). This study shows that at low growth rate (dilution rate).
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metabolism is fully oxidative (aerobic), thus the respiratory quotient (RQ), which defines the 
ratio of the rates of carbon dioxide production to oxygen consumption, is unity.
2.4.5; Control of fermentation and respiration in S.pom be
The control of fermentation and respiration in S.pombe was investigated by Barford 
(1985a.b) in fully aerobic, sugar limited batch cultures using different sugars as limiting 
substrate. For glucose limited growth in the culture used, this yeast strain does not indicate a 
Crabtree effect (glucose effect). Also no respiratory repression was exhibited in this yeast 
using a small volume o f adapted, exponential, inoculum (Barford 1985a).
The investigations of S.pombe fermentation and respiration on continuous (chemostat) 
systems also showed that S.pombe does not experience respiratory repression under the 
culture conditions tested which was above the critical dilution rate (Barford 1985b). 
Therefore, control of fermentation and respiration agrees with the theory that the rate of 
respiration is set particularly by the rate o f energy supplied until maximum respiration 
capacity ot the yeast is reached. Also S.pombe can not use ethanol as a sole carbon source 
although other leasts such as S.cerevisiae can. However S.pombe may use respiratory 
intermediates for energy generation when sugar is used as a substrate. (Barford 1985b)
2.5: Theory of cyclic cultivation
In microbial processes two different modes o f operation, batch and continuous 
processes have been applied for many years. Recently an alternative mode o f operation 
named ” Cyclic Operations “ has been introduced in many bioprocess engineering sites. 
These techniques have been operated in some antibiotic industries and in baker’s yeast 
production processes (Yamane & Shomizu 1984). On the laboratory scale, different cyclic 
fermentation processes have been applied such as , repeated batch (Yamane & Shimiuz 
1984. Kida ei al 1990,1992,1995, Morimura et al 1995, Starroulakis 1991(a,b), Faraday
1994. Nishizawa et al 1984, Rickert et al 1998, Angelova & Petricheva 1997, Tao et al 
1997, Senthuren et al 1999, Fenice et al 1998, Watanabe et al 1989, Hooper et al 1999, Fiijii 
et al 1998, Kannan et al 1998, Suzuki et al 1997, Takahashi et al 1998, Arzumanov et al 
1999. Petuccioli et al 2000), repeated fed batch (Bajpai, P. & Bajpai, K.1988, Shimizu et al
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1984.1994,1996, Kobayashi et al 1983, Tsai et al 1991, Weigand 1981, Khang & Hong-je
1995. Ito et al 1991) and semi-continuous continuous process (Miltenburger & David 1980, 
Jorgenson and Faraday 1995, Suzuki et al 1999,Abulesz & Lyberatos 1988, Sonoda et al 
1985, Gregori et al 1997, Pickett & Bazin 1979, Parulekar & Lee 1993, Borzani & Gregori 
1976). Both repeated batch (RB) and repeated fed batch (RFB) cultivations can be applied 
using one or more bioreactors.
2.5,1: Repeated batch process
The principle of this process is to grow a batch culture in the conventional manner for 
a fixed period of time and then a known fraction o f culture (including the cells) is harvested 
and the remainder is diluted with fresh medium to the original volume; this process is then 
repeated.
During this process the fraction of liquor harvested (harvest fraction) is kept constant and the 
process repeated at regular intervals (dilution cycle time). Both harvest fraction and dilution 
cycle time are critically important in the performance o f the process as small fluctuations in 
these parameters can cause variation in the main culture parameters such as cell 
concentration, cell age distribution and product yields (Faraday 1994).
The repeated batch process has been used by a number o f investigators. Particularly this 
process has been used with yeasts such S.cerevisiae (Kida et al 1990,1992, Nishizawa et al 
1984. Watanabe et al 1989, Morimura et al 1995, Fujii et al 1999, Arzumanov et al 1999). 
These studies showed an increase in productivity (Nishizawa et al 1984, Watanabe et al 
1989. Kida et al 1990,1992, Arzumanov et al 1999). For this purpose analysis of growth 
kinetics and the effect of culture conditions such as initial sugar concentration and 
temperature, have also been studied (kida et al 1990, Morimura et al 1995). At various batch 
operating conditions such as different HF or different DCT growth variables (i.e product 
concentration, biomass and viability), yield and productivity was also measured (Nishizawa 
ei al 1984, Kida.ef al 1990,1992, Arzumanov et al 1999, Watanabe et al 1989). Finally 
variation of the cell density at different sugar concentration and temperature was studied. 
(Kida et al 1990, 1992) As an example a typical profile o f repeated batch culture o f the yeast 
S.cerevisiae is presented in Figure 2.5.
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2.5.1.1: Comparison with other techniques
Repeated batch cultivation can be used as an alternative to batch, fed batch or even 
continuous techniques. It also has been used for the improvement o f cell growth and 
productivity (Shimizu et al 1984, Faraday 1994). By using repeated batch culture some 
benefits are achieved that are not easy to gain by the use o f  other techniques such as batch or 
continuous techniques. For example, in batch culture, cells are allowed to grow until nutrient 
depletion or, growth is inhibited by femientation products. In using a single batch process it 
is not possible to investigate the cell culture response to any nutrient variation in medium 
culture. Also it is difficult to distinguish between the effect on growth by nutrient 
consumption or by inhibitors in the same time. However the batch process is cheap to 
operate and can provide preliminary data on metabolic activity, in a short period of time.
On the other hand characteristics o f growth kinetics can be revealed using continuous or fed 
batch culture. Using this it is necessary to establish a series of experiments which are 
designed with a programmed feeding strategy. So, running setting and operating these 
techniques are expensive, time consuming, and control o f these processes is also not easy. 
However both of these techniques are justified when the kinetic, parameters have been 
established and a higher productivity or quantification o f the effect o f nutrients is needed 
(StavroLilakis et al 1991b, Bajpai P & Bajpai K 1988).
In repeated batch culture, relationships between biomass synthesis and substrate 
consumption may be determined. Also the effect o f product inhibition on metabolism can be 
readily revealed (Stavroulakis et al 1991a,b). Operating this technique is not expensive and 
not time consuming. Also it is possible to obtain infonnation on growth kinetics which is not 
intluenced by nutrient depletion or by inliibitors at the same time (Stavroulakis et al 1991a). 
In such a system, medium replacement can occur either during the exponential growth phase 
or even in the stationary phase. It is also possible to change the concentration of the key 
nutrients such as a growth limiting substrate, in medium in subsequent dilutions after the 
initial kinetic information is obtained (Stavroulakis et al 1991b). An increase of overall 
productivity has been reported by using this process when compared with conventional batch 
or fed batch or even continuous techniques (Nishizawa et al 1984, Faraday 1994, Watanabe
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et al 1989, Kida et al 1992). This process is quite useful when the response of cells at 
different nutrient concentrations is needed (Stavroulakis et al 1991a). Finally this technique 
can show the complete picture o f substrate utilisation, stable product yield, and a predictable 
process performance with no variation in the product pattern if  operated under optimised 
conditions (Senthuran et al 1999).
2.5.1.1.1: The choice of repeated batch cultivation over other techniques
As with most biochemical processes, when an increase o f productivity and product 
concentration is needed the use o f novel methods such as repeated batch or repeated fed 
batch are justified. This is particularly true when the scale up o f bio-processes requires a 
large investment and also a significant work is needed to optimise the design and operation 
of bio-reactors to make production more efficient and more economical. The idea of using 
the repeated batch system where cells can be retained within the bioreactor with low running 
costs, has been successfully applied in many processes for improving the efficiency of 
production. Thus repeated batch culture is considered one of the useful systems for 
economical cell production especially such as yeast cell fermentation. The experimental 
works show that the overall productivity and produced total biomass of this system is higher 
than batch fermentations o f P.varlotii and Candida iitilis yeast cells (Bajpai P & Bajpai K 
1988)
2.5.1.2: Selecting operating conditions
In order to support cell growth or a process with high productivity, this technique was 
studied as an effective and simple process for the production o f products on the large scale 
(Stavroulakis et al 1991a, Kida et al 1992). By choosing different feeding policies such as 
different combinations o f harvest fraction (HF) and dilution cycle time (DCT), an increase of 
concentrations o f biomass, product concentration and substrate utilisation has been achieved 
(Watanabe et al 1989, Kida et al 1990). Also the relationship between substrate, biomass 
and product has been obtained. This is o f particular interest when the product exhibits an 
inhibitory effect on growth (Kida et al 1990, Stavroulakis et al 1991a). To find the effect of 
substrate utilisation during growth, a high value o f HF is needed (Stavroulakis et al 1991a) 
because when the HF is large, the level o f nutrient concentration is high but metabolic 
product concentration (inhibitor) is low thus the effect o f substrate on cell growth can be 
determined. For the same reason the effect o f inhibitors or limiting substrate depletion on the
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cell metabolic activity can be found by selecting a low harvest fraction (Stavroulakis et al
1991). To achieve maximum nutrient utilisation and maximum production, dilution cycle time 
must be selected to correspond with the end o f the exponential growth phase or before the 
stationary phase (Faraday 1994, Stavroulakis et al 1991b). Finally by comparing production 
and biomass rates that are obtained by encountering cells with different substrate or inhibitor 
concentrations, the relationship between nutrients and inliibitors, can be established 
(Stavroulakis et al 1991b, Kida et al 1990).
2.5.1.3: Typical repeated batch cultivation of yeast cells
A typical profile o f repeated batch process of yeast is shown in Figure 2.5. This process 
consisted o f 25 batch cycles which were conducted over 350 h.
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Figure 2.5: Experimental results o f repeated batch fermentation o f S.cerevisiae for ethanol 
production at 75% of HF and different DCT of 20 and 10 hours. A,B and C in this 
experiment are 2”*^' 7^ '^  and 15*'^  cycles [ from Nishizawa et al 1984]
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The product concentration values which have been reported in this study are shown in this 
Figure top graph).
It can be seen that product concentration (ethanol) was quite reproducible during all cycles. 
The ethanol concentration varied between 75 to 95 g/1. However this reduced after five 
cycles when the dilution cycle time (DCT) decreased from 20 to 10 h. The cell concentration 
in this experiment has not been reported for all batch cycles. These data have been re­
examined and are presented in this Figure (2"^ graph). It can been seen that the final cell 
concentration fluctuated particularly in the first five cycles where DCT was high. This 
fluctuation reduced greatly when the DCT was reduced. It is also noticeable that the cell 
concentration was higher when DCT was reduced.
2.5.2: Process performance in repeated batch cultivation
It has been reported in many fermentation studies that process performance is 
enhanced by using repeated batch culture (Shimiuz 1984, Nishizawa el al 1984, Tsai et al 
1991, Kida et al 1990,1992,1995, Rickert et a/ 1998, Senthuran et al 1999, Watanabe et al 
1989. Arzumanov et al 1999, Kannan et al 1998, Suzuki et al 1997, Takahashi et al 1998, 
Petruccioli et al 2000). This enhancement is in part due to the reduction of bioreactor down 
time, but is also due to the overall improvements in specific productivity and product yield 
(Faraday 1994).
It has been reported that process performance can be influenced by many parameters such as 
harvest fraction (HF), dilution cycle time (DCT), cell concentration, substrate concentration 
and batch ■ operating conditions (i.e. temperature, inhibitor concentration). (Watanabe 1989, 
Farada> 1994) Thus a proper feeding policy i.e. optimised HF and DCT which is based on the 
observ ed change in the growth rates is needed. By this feeding policy an improved process 
performance is achievable if  variables such as HF and DCT are selected correctly ( Faraday 
1994).
Although using this technique in fermentation processes may be attractive particularly in the 
alcoholic beverage industries, prediction of optimal feeding policies (optimum HF at
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constant DCT) is difficult and it is required that the constant final cell concentration culture 
is obtained. (Faraday 1994) The effects of some parameters on process performance are 
detailed next.
2.5.2.1: Productivity
In batch fermentation, productivity can be enhanced by operating cultures using a high 
inoculum concentration or reducing the down time for production o f the next batch culture. 
In repeated batch fermentation there is no downtime period. This is important particularly in 
the fermentation industry where many days may be spent in sterilisation and preparation o f 
the bioreactor and for inoculum preparation. Thus using the same culture conditions repeated 
batch operations show a productivity for a desired product concentration which is 
considerably higher than by using the same batch process. Therefore repeated batch culture 
provides two advantages in that not only is product concentration increased (and therefore 
inoculum size at the next batch cycle) but the downtime is diminished.
For example it is reported that use of repeated batch for ethanol fermentation yields high 
product rates and productivity improved up to 9 times higher compared to the value in 
con\entional batch fermentation (Watanabe et al 1989). Thus by choosing a different 
feeding policy which is a combination of HF and DCT, maximisation o f cell productivity is 
achievable.(Kobayashi et al 1989). For a specific process, Kida et al 1990 showed that the 
productivity of the yeast cells {S.cerevisiae and Baker’s yeast) in each batch cycle can be 
calculated using the following expression.
Productivity (g / I.h) (Pr+P,)'
Where P; and Pf are the initial and final ethanol concentrations after time t (h) o f 
fennentation. Also productivity was found to be related to DCT, FIF and product 
concentration. In general, the productivity will be increased when HF and product 
concentration increase or DCT decrease (Nishizawa et al 1984).
32
Chapter 2: literature review
2.5.2.2; Dilution cycle time (DCT)
In the repeated batch process when a constant final cell concentration is needed or a 
high product concentration is needed the required time to achieve these concentrations will 
be decreased after the first few batch cycles. This occurs because the limited substrate (i.e 
glucose) consumption and cell growth rates are low in those cycles.
Figure 2.5 shows that at constant HF, the required DCT to achieve the specific product level 
is two fold longer in the first five cycles than in last batch cycles (Nishzawa et al 1984). This 
study also shows that productivity of final batch cycles was higher than in the early batch 
cycles. Overall productivity which is based on time for all batch cycles was then increased. 
This observation was obtained using strains o f baker’s and brewer’s yeasts {S.cerevisiae ) 
(Nishizawa et al 1984).
2.5.2,3: Cell concentration and viability
Cultivation of repeated batch cultures using yeast cells shows reproducible growth 
curves over batch cycles. Also the repeated batch system is able to maintain a high cell 
\'iability throughout the fermentation period (Nishizawa et al 1984, Kobayashi et al 1989). 
The repeated batch cultures with specified DCT and HF resulted in no change in total cell 
number and viability (Kobayashi et al 1989). This observation shows when the specific 
value of product concentration is desired, the final total and viable cell concentrations 
increase linearly in preliminary batch cycles and then could be maintained at a constant level 
(Nishizawa et al 1984).
The cell concentration and viability in repeated batch culture may decrease if  the value o f the 
DCT or the HF is changed. Under these circumstances cells may not use the available 
glucose and divide. This results in the decrease o f cell concentration cycle to cycle and 
finally cells are completely washed out o f the culture. An indication o f wash out, was 
observed in a study of an insect cell line {Bombyx mori) by Stavroulakis et al (1991a). In this
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repeated batch study nine successful batch cycles were repeated under different HF o f 15, 30 
and 50%. The experimental results o f 50 and 30% o f FIF are represented in Figure 2.6.
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Figure 2.6: Experimental results o f cell and glutamine concentrations from a repeated batch 
cycle with 30% (top graph) and 50% HF and a DCT between 5-7 days. In this 
experiments Symbol of is substrate concentration and “A ” is cell 
concentration (extracted from the data o f Stavroulakis et al 1991a)
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It can be seen in Figure 2,6 that the cell concentration in the experiment with 30% HF 
decreased gradually (Stavroulakis et al 1991a). The final cell concentration was reduced 
from 3.7x10^ cells/ml in the first batch to 2.17x10^ cells/ml in the batch cycle. Glutamine 
was added after the 8^ '' cycle to avoid cell wash out. The glutamine consumption rate was 
high in the first two batch cycles but this rate was reduced subsequently because the number 
of cells was reduced. The wash out effect was not observed when 50% HF was selected (see 
Figure 2.7). Reproducible cell concentration was obtained from this experiment. The rate of 
glutamine consumption was reasonably constant over all batch cycles.
2.5.3: Effect of growth conditions on process performance 
2.5.3.1: Effect of temperature
Repeated batch experiments on S.cerevisiae by Kida et al (1990,1992) and Morimura 
et al (1995) showed that yeast cell number, product (ethanol) concentration and productivity 
were decreased linearly by increasing the fermentation temperature. Also the death rate 
increased linearly with increasing temperature.
2.5.3.2: Effect of sugar concentration
Using repeated batch culture in ethanol production indicated that, increasing the sugar 
concentration in medium (e.g. glucose) reduces the cell number and productivity. This 
reduction may be due to inhibition of cell metabolism o f S.cerevisiae by glucose (Kida et al 
1990.1992). Therefore for higher productivity when other operating conditions (such as HF, 
DCT and temperature) are constants, a low sugar concentration in the medium is required. 
This results in a decrease in fermentation time and an increase in production concentration 
(Kida et al 1990).
At constant process conditions such as DCT, HF, sugar level and temperature, a linear 
relationship between specific growth rate (p) and ethanol concentration was obtained for all 
batch cycles (Kida et al 1990,1992). A similar relationship was also observed between 
ethanol (ethanol) concentration and production rate (q). These relationships can be 
represented as follows (Kida et al 1990) .
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where pmax, and qmax, are maximum specific growth rate ( h ' \  and maximum production 
rate (g ethanol/10  ^ cells.h), Pg, is a concentration o f ethanol above which cells can not 
grow (g/1) and Pe, is a concentration o f ethanol above which cells do not produce ethanol 
(Kida et al 1990). In general q will decrease linearly by increasing sugar concentration and 
temperature because both of these factors result in a decrease in ethanol concentration (Kida 
el al 1990). The experiments described in this thesis used S.poinbe, however the effect 
described by Kida using S.cereviseae may apply to S.pombe.
2.5.3.3: Effect of harvest fraction
The effects o f HF in repeated batch culture (on non-yeast cells) under constant DCT 
have been reported in many studies. It has been seen that different HF values affect the final 
cell concentration. (Nishizawa et al 1984, Watanabe et al 1989, Stavroulakis et al 1991a,b, 
Arzumanov et al 1999) Watanabe et al 1989) showed when a constant level of product 
concentration (i.e. ethanol) was required, increasing HF reduced the final cell concentration 
and biomass yield but increased the productivity o f ethanol. Similar results, had been 
reported by Nishizawa et al (1984). Stavroulakis et al (1991a) also showed, at constant 
operating conditions sugar consumption rate was increased by selecting a higher value of 
HF. This type o f cell concentration variation indicates that the depletion of sugar from 
grov\4h culture forces the cells to utilise the sugar as their primary source of energy. Recently 
Arzumanov et al 1999) showed, by using higher HF, biomass, productivity and specific 
productivity increased while production concentration and product yield decreased.
2.5.4: Operation of repeated batch cultivation
Problems have been identified and reported from industries with repeated batch 
operation, such as a large variation in the final cell concentration in consecutive re­
suspension cycles; these problems are usually attributed to the variability of biological
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systems (Araujo 1998). Such problems have been theoretically studied (Faraday 1994, 
Araujo 1998). In these studies these problems have been simulated and analysed. This 
section refers to the operating parameters having an influence on repeated batch processes 
which, were identified in these studies.
2.5.4.1: Simulating repeated batch cultivation
Repeated batch operations were simulated successfully at specific initial cell and sugar 
concentrations. This simulation indicated high levels o f variability with respect to final cell 
and product concentrations as experimentally observed (Nishizawa et al 1984, Stavroulakis 
et al 1991a). Simulations were conducted with the specific cell cycle model, which are 
described in section 2.3.4. Figure 2.7a shows a prediction of cell concentration and cell 
viability in 20 repeated batch cycles with DCT of 45 h and HF of 80% (Faraday 1994).
It can be seen from this Figure that the final cell concentration and the viability (not present 
in this Figure) remained constant over all batch cycles. The age distribution, glutamine and 
product (antibody) concentrations have also obtained in this study but not presented.
2.5.4.2: Varying operation parameters
Variation in the age distribution of cells in repeated batch culture has been attributed 
to changes in operating parameters such as HF and/or DCT (Faraday 1994, Araujo 1998). It 
has been indicated that both DCT and HF are critical parameters in this propagation strategy 
(Faraday 1994).
The results obtained confirm that relatively small fluctuations in either o f these parameters 
can cause dramatic variations in the performance of repeated batch culture. These variations 
are a direct result o f changes in the cell age distribution; most significantly, the variation in 
the percentage o f the cells which leave the cell cycle and enter a quiescent (or stationary ) 
phase. These changes may result in poor product yield, cell washout, high levels of 
variability or even periodic catastrophic failures. However, if  operating parameters (i.e. 
DCT. HF) are tuned correctly a substantial increase in overall productivity with a constant 
final cell concentration may be achieved (Faraday 1994).
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A comprehensive study of the effect of HF and DCT on process behaviour has been 
undertaken (Rodriguez & Faraday 2001, Slater & Kirkby 2001). Further simulations in 
repeated batch were conducted at the constant initial conditions, but changing the 
operational parameters. These simulations are presented at Figure 2.7 and 2.8.
2.5.4.3: The effect of DCT on repeated batch process
The dilution cycle time (DCT) has a significant effect on the final cell concentration 
obtained in repeated batch culture. A number o f simulations have been conducted with 
different DCT at constant growth conditions and HF. This study showed that by changing 
the DCT by a small amount for example from 50 to 53h, cell concentration and cell viability 
dramatically changed (Faraday 1994).
These simulations are presented in Figure 2.7. This study also indicated that by varying 
value o f DCT the amount o f sugar utilisation and the amount of product yield change which 
both directly effect productivity. The maximum sugar utilisation and maximum product 
yield was obtained from operating conditions with maximum of stability for example DCT 
of 5Oh and HF o f 80% (Faraday 1994).
2.5.4.4: The effect of HF on repeated batch process
The harvest fraction (HF) has a significant effect on the final cell concentration 
obtained in repeated batch culture. A number o f simulations have been conducted with 
different HF at constant growth conditions and low value o f DCT (Faraday 1994). This study 
showed that by changing HF by a small amount for example from 77.5 to 70%, variation in 
cell concentration and cell viability dramatically changed. The washout effect has also been 
observed when the value o f HF changes from 77.5 to 85 %. These simulations are presented 
in Figure 2.7. This study also shows that by varying the value of FIF the amount o f sugar 
utilisation and the amount o f product yield change, both of which directly affect 
productivity. The maximum sugar utilisation and maximum product yield was obtained from 
operating conditions with maximum stability (for example DCT of 45h and HF o f 77.5% 
(Faraday 1994).
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Figure 2.7: Predicted results o f repeated batch fermentation at different DCT values o f 45, 
50, 52, 53 h with constant HF o f 80% In these figures symbol o f is cell 
concentration and symbol o f “E ” is cell Viability [from Faraday, “The 
Mathematical Modelling o f the Cell Cycle o f a Hybridoma Cell Line” in PhD thesis 
.University o f Surrey page F72-F75, 1994]
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2.5.4.5: Sensitivity of process performance to operating conditions
These studies showed that process performance is sensitive to values o f HF or DCT. 
Some values of HF/DCT gave constant final cell concentration with a maximum process 
performance. At other different values of HF/DCT, this perfbnuance is a minimum due to 
variation o f the final cell concentration during culture re-suspension. Analysis o f these 
results is represented as a HF/DCT stability map, shown below. This map shows for which 
values o f HF/DCT the final cell concentration variation is low (maximum stability) and for 
which values this variation is high (minimum stability). The map can be prepared by 
simulating repeated batch culture for different values of HF/DCT. As an example this map 
was obtained for simulation o f repeated batch culture of hybridoma cell line for 1 0 0  batch 
cycles (Araujo 1998).
HF/DCT
HF =90% 85 80 
75 70 
65
DCT= 45h 47.5h 50h 52.5h 55h
w - .-1 w .A W 'max S S
S min S|S+,D . D. :
2L  _mjn^  W    mm SS S   i. D "
S+D mlnS+W+p" D
min S S r »S+.  -D
On this map W means wash out, D means death phase and S means stability
It can be seen from this map that by selecting a value of 75 % as HF and any value between 
45-50h the final cell concentration is stable. It means that for a high process performance it 
is necessary  to select these values as operating parameters. This map is shown graphically in 
Figure 2.9. It can be seen, choosing high value of HF and DCT (i.e. 90% and 8 Oh) lead to 
maximum productivity and cell yield. But this point is very unstable and very small 
fluctuation in the values of HF/DCT may send cells to the death phase or to washout. On 
other hand with the repeated batch system, selecting low values o f HF and DCT (i.e. 10% 
and I Oh) is very stable but productivity is low. Thus optimising, operating parameters is 
necessary for optimisation of the process with higher productivity and higher stability.
41
Chapter 2: literature review
stabil ity  HF/DCT map
100
90
80 W a s h  o u t
70
/  S ta b le60
50
40
30 Death
20
10
0
0 10 20 40 5030 60 8070
DCT
Figure 2.9: Stability HF/DCT for simulating of repeated batch culture o f hybridoma cell line 
over 1 0 0  batch cycles
2.6: Concluding comments
A brief survey of the literature in four areas have been presented in this chapter, 
namely yeast metabolism, the eukaryotic cell cycle, the fission yeast S.pombe and repeated 
batch cultivation. This survey illustrates the research in those areas, focusing on applications 
and sets the foundation for the work presented in this project.
It is clear from this survey that S.pombe has been well studied and considerable information 
on its cell cycle, regulation and metabolism is known. In addition using material from these 
data it is hoped that a specific cell cycle model for Spom be  when grown on glucose can be 
suggested (Rodrigouz 2002 Doctoral Thesis in preparation). This survey, may suggests 
which metabolite pathway this micro-organism can use, either the respiratory pathway, in 
which glucose is converted to carbon dioxide and cell mass, or the fermentative pathway, 
resulting in the formation o f ethanol, carbon dioxide and cell mass (section 2 .2 ).
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In the chemostat culture studies (section 2.2), at low growth rate (dilution rate), metabolism 
is fully oxidative (aerobic), thus the respiratoiy quotient (see page 26 for definition of RQ) is 
unity. This situation is maintained up to a critical dilution, beyond which the metabolism 
becomes increasingly fermentative. In the fermentative pathway, the yield coefficient 
decreases and there is an increase in the specific carbon dioxide production rate and ethanol 
production.
This survey also shows that when dilution rate increases, the cell biomass decreases almost 
linearly. Using this linear relationship and the mean generation time (ln2/p), the length o f the 
cell division period (cell cycle) can be calculated. There is little variation in the duration of 
the division period at different dilution rates. Thus refeiTing to the cell cycle (section 2.3), 
the time period for interphase (S+G2+M) is constant. The duration o f  the G1 phase appears 
to be variable only. This means the length o f the G 1 phase depends on the availability o f the 
limiting substrate (glucose) and the length o f inter phase is assumed to be independent of 
glucose.
So certain derived variables such as the oxygen uptake rate and RQ which are able to be 
calculated from on line fermentation measurements can reflect to some extent the biological 
state of the culture. Maximum biomass yield from substrate is achieved at relatively low 
glucose concentrations in the presence o f adequate oxygen; fermentative metabolism occurs 
if the glucose concentration rise above a certain level even though oxygen may be present.
Fermentative metabolism should be avoided for biomass production because the yield of 
cells is reduced as ethanol and carbon dioxide that are formed as end products. The 
respiratory quotient (RQ) is a convenient indicator o f metabolic state in this process: RQ 
\'alues above about 1 indicate ethanol formation. Thus to increase cell biomass, RQ values 
within the desired range mentioned must be obtained by adjusting glucose in the medium.
In the review (section 2.4), so far it has been revealed that in most cases advances will come 
by applying this method in the area o f improved cell productivity. Particularly when the cell 
(for example S.pombe on EMM2m medium) culture production is expensive. Also
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comparison with batch and continuous methods as described may lead to finding alternatives 
to the use of conventional culture methods.
Thus there are several reasons for preferring repeated batch (RB) fermentation in this 
project. Firstly, the basic object is running fermentation at minimum cost with maximum 
yields. This challenge is the aim o f both industrial and academic investigators.
Secondly it is believed that repeated batch (RB) process can increase the productivity of 
processes and the various efforts have been focused on this case. Therefore the RB operation 
may be considered for increasing productivity. This means that performance in productivity 
can be expected if  the culture broth operate at optimal conditions and reaches maximum cell 
concentration. In these the optimum conditions cells are in higher viability together with the 
higher product concentration and these requirements can be satisfied by RB operation. (Tsai 
6//67/1991)
Finally using RB has some advantages over batch and continuous processes such as:
• Utilising substrates, which inhibit growth when present at high concentrations
• Increasing the production o f biomass
• Reducing operating time and cost
• Less instability and contamination than are found in continuous culture
Meanwhile similar to any system this process has also some disadvantages such as:
• Additional instruments for feed back control may be needed
• Lack of experience o f using this process commonly in industries compared to batch 
mode
• Long period operating with maintenance o f sterile conditions
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C h ap ter 3: Materials & M ethods
3.1: introduction
The overall aim o f this study was to investigate the variation in cell concentration 
using repeated batch experiments. This consisted o f establishing batch and repeated batch 
experiments and developing automatic feeding and sampling systems to carry out the 
experiments. This chapter describes the materials and the equipment that were used for 
this study, together with all procedures involved in setting up and running the cultivation 
experiments.
3.2: Materials 
3.2.1: The organism
The yeast Schizosaccharomyces pom be (Spom be) NCYC 132 LINDNER was used 
in all experimental work. It was obtained from the National Collection o f Yeast Cultures 
of Norwich as Freeze-dried ampoules; this yeast was originally isolated from African 
millet beer.
3.2.2: The culture medium
In all experiments the growth medium used was Edinburgh Minimal Medium 
(EMM2m) supplemented with glucose in the range o f 10 - 40 g f '( I -  4 %). This is a 
defined medium specially developed for Fission yeasts (Mitchison 1975). The 
composition of medium and preparation from stock solutions for one of litre medium is 
shown in appendix B l.
3.2.3: Equipment and Instrum entation  
3.2.3.1: The LH bioreactor
An LH bioreactor (LH Engineering) having a bottom magnetic drive to rotate a Rushton 
impeller was used to run cultivations in batch and repeated batch operations.
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Salts (x50) 
MgCH. 6 H2O 
CaCl2 . 2 H2O KCl 
Na2S04
N 2 Base (x l.l4 )NH 4CL 
KH Phthalate 
Na2HP04 
M inerals (xlOOO) Boric acid 
M nS0 4  ZnS0 4 , 7 H2O FeCl2.6H2O Molybdic acid KI
C11SO4 . 5 H2O Citric acid 
V itam ins (xlOOO) 
Inositol Nicotinic acid 
Ca panthothenate 
Biotin
D glucose (xlO)
50 g
2 g
5.7 g
3.4 g
2.5 g
0.5 g 0.4 g 0.4 g
0 . 2  g
0.04 g0.1g0.04 g
1 s
1 0  g
1 0  g
1 g
0 . 0 1  g
2 0 0  g
2 0  ml
878 ml
1 ml
1 ml
900 ml 
1 0 0  ml
1 0 0 0  ml
Table 3.1: Ingredients In  1 1 of stock solution In 11 of EEM 2ni
The bioreactor was 3 1 in size but had a 2 1 working volume. A diagram of this bioreactor 
and its connections, probes, heating, cooling, sampling and control panel is shown in 
Figures 3.1, and 3.2 (see appendix B 8  for more details).
3.2.3.2: The E lectronic P artic le  C oun ter
A Coulter counter model ZM made by Coulter Electronics Limited (Figure 3.3) 
equipped with a Coulter channelyzer and a 50 pm diameter aperture (orifice) tube was 
used for cell counting measurements.
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Plate 3.1: The LH bioreactor used in batch experiments
1 - Sampling syringe
2 - McCartney bottle
3 - Sampling hood
4 - Air inlet tube
5 - Temperature port
6 -C old  finger
7 - Gas outlet tube
8 - Heater
9 - Feeding port
10- Air sparger tube
11- Six bladed turbine
igure 3.2: Typical LH bioreactor configuration
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Before any measurements were made, a number o f the control settings which have effects 
on measurements such as the Lower Threshold (Tl) setting, Amplification (A), and 
Aperture current (I) had to be optimised (see Appendix B5). Thus it proved advisable to 
calibrate the ZM for each time that the orifice tubes were changed (about 10-20% error 
was observed without calibration of orifice tube).
figure 3.3: A coulter counter model ZM with 50 pm orifice tube
It is also found advantageous to check the calibration of the instrument every month to 
monitor any system variation. The calibration procedures and operating details are 
described in the manufacturers manual using calibration standard polystyrene latex 
particles readily available from Coulter Electronics Ltd.
3.2.3.3: The H aem ocytom eter
The number of cells in media can be measured under a microscope by counting 
cells in a haemocytometer. In this work, the Neubauer Haemocytometer (Figure 3.4) with 
a chamber depth of 0.1 mm was used for microscopic cell counting. The chamber o f this 
slide has a special square grid marked on the surface. A ridge on each side o f the grid 
holds a cover o f the grid by known distances, so that volume is precisely known (see 
appendix B4).
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holds a cover o f the grid by known distances, so that volume is precisely known (see 
appendix B4).
The haemocytometer
Central square with 
25 grids
-—  Depth= 0.2 mm .
1/5 mm
Side view of the haemocytometer 1/20 X 1/20 mm"
Cells in I o f the 25 grids \r -
1/5 mm
Figure 3.4: Neubauer Haemocytometer
3.2.3.4: The Spectrophotometer
A Lambda 2 spectrophotometer (PERKIN ELMER) was used for measuring all 
glucose analyses. (See appendix B6 ).
3.2,3.5: The Control system
The system o f set point control was used in these experiments. This system allowed 
a FID control strategy to be implemented. (See appendix B 8 ) During all experiments the 
temperature was controlled at 30 ° C using an Anglicon FID controller (model 351328/ 
Microlab control panel). The agitator speed and airflow rate were set at 150 rpm and 600 
ml/minutes manually.
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3 .3 : Analytical methods
Three commonly used methods were applied in this study o f S.pombe. A  
haemocytometer, a Coulter counter and the Trinder reagent were used to carry out 
determinations o f cell concentration and glucose concentration.
3.3.1: Control and monitoring techniques
Cultivation control was effected using a BIOSOLO system (Brighton Systems Pic). 
The on line monitoring of the growth parameters such as temperature, pH and stirrer 
speed were carried out by (see appendix B 8 ) a Biolab computer program (also supplied 
by Brighton Systems Pic).
3.3.2: Cell size and number measuring using the Haemocytometer
In this work, the Neubauer Haemocytometer (Figure 3.4) with a chamber depth of 
0.1 mm was used for microscopic cell counting. Each cell with a visible septum was 
counted as single cells. Daughter cells at least half the size o f parent (mature) cells were 
also recognised as one single cell when there was visible evidence o f  cell separation. Cell 
tended to aggregate which was overcome as far as possible by vigorous agitation 
(WHIRLIMIXER).
Dense suspensions were counted after being diluted appropriately. As the 
liaemocytometry method dictates, the highest accuracy is in the range o f  50-250 cells. So 
it is sometimes necessary to dilute down the original concentration to this range (for 
example 1 ml of sample taken at the end o f each experiment was diluted with 19 ml de­
ionised water). The total o f cells per ml is given by the number o f cells counted in 5 grids 
X 50,000 for undiluted samples and x50,000x Dilution factor for diluted samples (see 
appendix B4).
In this haemocytometer, length o f each grid is 50 micron. This value was used as measure 
in some experiments to evaluate the size of cells in the samples. By comparing the length 
o f each cell with this measure, size o f cells in range 8 - 2 2  micron approximately was 
determined. A photograph o f the cells with their size is shown in Figure 2.4. (see section
6.4.5 and Appendix B20 for more details about this method).
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3.3.3: Cell counting using the C oulter counter
For measuring the number o f cells by the Coulter Counter, 0.5 ml o f the specimen 
was withdrawn with a Gilson Pipette and diluted with 24.5 ml o f ISOTON II in an 
Ac cuvette II container (Coulter Electronic ltd.). This suspension was shaken vigorously 
before being placed on the sample stand o f the Coulter counter.
To reduce technical error, duplicate samples were taken. The background counting was 
obtained using 25 ml of ISOTON II. These background counts were then deducted from 
all results. The total of cells per ml is given by taking the average from all counts for each 
Ac cuvette x 1,000 for undiluted and xlOOO x Dilution factor for diluted samples (see 
appendix B5 for more details).
In comparison with the haemocytometer, the Coulter Counter has a much lower error, 
because it counts a much larger number o f cells faster and is less tedious to use when 
many samples must be handled.
3.3.4: Glucose assay
Residual glucose concentration in the culture was measured using the Sigma 
Trinder (glucose) reagent test kit in combination with a Perkin Elmer UV/VIS Lambda2 
spectrophotometer at a wavelength o f 505 nm. The Trinder reagent was made up 
according to the supplied recipe. A standard curve was prepared and glucose 
concentrations of cultivation samples were determined from this. Samples which were 
collected and stored at -20  °C were removed from the freezer and left to warm up. During 
this time 4 ml of Trinder reagent was transferred to 4 ml disposable cuvettes in duplicate. 
Two 20 pi samples of cell suspension from each specimen tube were pipetted into 
cuvettes and mixed by inversion. A cuvette containing 20 pi o f standard glucose solution 
was also included in the assay as a control. After the incubation time of 18 minutes, the 
absorbence of each cuvette was read and recorded, (for more extensive descriptions of 
procedure see appendix B 6 ).
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3.4: Growth
3.4.1: Inoculum preparation
Culture was initiated by transfening yeast cells from an agar slope using a platinum 
loop to 100 ml o f sterile medium in a 250 ml shake flask plugged with a foam stopper 
and covered with aluminium foil. The flask was incubated for 24 h in a shaking water 
bath (Mickle Laboratory Engineering Company) orbital shaker at 6  strokes per minutes 
and at 30 °C. Approximately 5 ml o f this culture was transferred to 100 ml of fresh sterile 
medium in another flask and this was incubated for further 24 h. This procedure was 
peiformed every 2  days before initiating batch experiments (see appendix B l).
3.4.2; Sample preparation
Analysis o f the culture behaviour was performed by collecting samples from the 
time of inoculation till the end o f the experiment. These samples were taken at regular 
intervals during various stages o f  cultivation in shake flasks using a 1 0  ml sterilised 
disposable pipette and an LH bioreactor using a sampling system (see appendix B 8 ). 
Each time 5 ml o f culture was drawn from the shake flask or bioreactor and collected in a 
20 ml Universal container. Cell concentrations o f specimens were measured immediately 
after sampling and the rest o f the culture was stored at -20 ® C for glucose assay.
3.4.3: Batch cultivation in shake flasks
A schematic diagram o f the batch cultivation experiment is shown in Figure 3.5. 
Approximately 5 ml o f inoculum from a pre-culture (see appendix B l) was used for 
inoculating 100 ml o f EMM2m under aseptic conditions. The flasks were incubated in the 
water bath and agitated in a shaking incubator at 6  strokes per minute for a period o f 1-4 
days. During this period, the temperature o f  the culture was controlled at 30 ° C. The 
samples were taken at regular intervals to allow determination of the cell and glucose 
concentrations.
3.4.4: Batch cultivation in a LH bio reactor
The batch experiments used a 31 LH cultivation system (LH Engineering, model 
C C I500) with a 21 working volume. (See plate 3.2) In all experiments EMM2m medium 
was supplemented with 2% glucose. The sterile growth medium was inoculated with 200
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tlasks to give a final cell concentration up to 150x10^ cells/ml (see appendix B3). 
Agitation was achieved using a six bladed disc turbine. The temperature was controlled at 
30 C. To avoid oxygen limitation in the bioreactor the aeration flow rate was set 
manually at 600 ml/minutes.
Data A nalysis
Vitamins& Trace
elements
Salts
N: Base^'*
D- Glucose*
S.pombe cells
’Ta--------------------►n
V
- A u t o c l a v e .
EM M 2m
Haemocytometer
; % '" f
COULTERt: 
Counter
Glucose Assay
Sampling
Figure 3.5: Flow diagram of batch shake flasks experiments
The agitator speed was set manually at 150 rpm. The pH was monitored only using a 
Russel pH probe. Antifoam (a few drops) was used to control foam formation. In all 
experiments temperature, pH and agitator speed were monitored and recorded on line. 
Samples were taken for the subsequent determination of cell and residual glucose 
concentrations off line. The bioreactor schematic is represented in plate 3.3 and all 
procedures involving sterilisation, setting up and running up the bioreactor are described 
in detail in appendix B 8 .
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3.4.5: R epeated batch  cultivation in shake flasks
S.pombe was inoculated into two 250 ml shake flasks containing 100 ml o f 
EMM2m at 2% glucose to give initial cell concentrations about 1x10^ cells/ml. The batch 
cultures were carried out under the same initial conditions as for the batch cultivation. 
Eighteen hours after the first batch which glucose concentration in culture had almost 
reached zero, a portion o f the culture suspension (e.g. 80 or 90 % of initial volume) was 
removed and the same volume of fresh medium was replaced.
The 2nd batch cycle was then started. This process was repeated at the same dilution 
cycle time (18 hours) for the subsequent batches (five batch cycles). For this preliminary 
experiment a dilution cycle time o f 18 h was fixed for all batch cycles. Samples in each 
c \’cle were taken exactly before harvesting time and after dilution. The cell number was 
determined immediately and cells were then stored in freezer for glucose measurement.
3.4.6: R epeated batch cultivation in L H  bioreactor
For the repeated batch experiment in the LH bioreactor, both parameters o f dilution 
cycle time (DCT) and harvest fraction percentage (HP) were controlled automatically for 
up to 30 days. This was accomplished using the Automatic Feeding, Sampling and 
M onitoring system developed at University o f Surrey, which is described in chapter 5. 
Using this system, any value o f dilution cycle time up to 100 hours and any value of 
har\'est fraction was achievable.
In this study a series o f experiments at dilution cycle times of 18 and 12 hours (as DCT) 
and harvest fractions o f 90, and 80% (as HP) were carried out. In each experiment, the 
first batch culture was started by inoculating the 2  1 working volume o f the bioreactor 
with 200 ml o f the inoculum. This volume, was enough to give an initial cell 
concentration about 20x10^ cells/ml. The culture was carried out at the same batch 
conditions for a period of 12 or 18 h (depend to experiment). After this time, 90% or 80% 
(depending on experiment) o f culture in the bioreactor was discharged aseptically and 
sterile fresh medium equivalent to the volume discharged was introduced. The second 
batch cycle was then started. This process was repeated for the subsequent batches.
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The dilution cycle time (DCT) and Harvest fraction (HF) was constant during all batches. 
The sample was usually taken immediately before harvesting and after dilution. These 
samples was taken automatically (up to 4 cycles) at nights and weekends and taken 
manually during the day. Some samples were also taken during each cycle at selected 
intervals such as 3,6,9,12,15 h of cultivation time. A schematic diagram o f the 
automatically controlled repeated batch system is shown in Figure 5.2 and 5.3.
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Chapter 4: Batch experimental results & discussion 
4.1:lntrocluction
The main objective of this chapter is to understand the kinetics o f  S.pombe. This 
was achieved by investigating growth o f this micro-organism in the defined medium 
EMM2m. In order to understand this micro-organism, the effect o f different culture 
conditions of growth was studied.
In this chapter, the data presented has been obtained from experiments conducted in 100 
mi batch shake flasks and in the 2 1 batch bioreactor. In order to determine kinetic 
parameters, the kinetic analysis o f the data for each experiment was carried out. 
Conclusions can then be derived regarding the effect o f inoculum size and age, and the 
initial sugar concentration on variables such as cell and glucose concentration. This also 
included the evaluation of yield, specific gro'wth rate and specific glucose consumption 
rate.
The purpose of the experimental program was to study culture performance. Analyses of 
growth kinetics leads to the estimation of growth parameters and the determination of the 
Mo nod analysis which leads to identification o f the Monod constants. This study allows 
the assessment o f the behaviour o f cell growth by the identification o f the cell growth 
phases and the determination of growth parameters. To achieve this, the influence of the 
most important operational parameters including age o f  inoculum, initial cell 
concentration and initial glucose concentration were determined. The importance o f these 
parameters on the performance process has been discussed in chapter 2 .
4.2: Experim ental program
In Table 4.1 a summary o f the experimental program, which was prepared for the 
study of batch process is presented. This table shows the batch experiments which were 
carried out the in the shake flasks and in the bioreactor. In these experiments, growth 
variables such as maximum cell concentration, the time necessary to reach this maximum 
and, the duration of the lag period and specific growth rate (or doubling time) were 
determined to characterise culture performance.
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Impact Batch culture Age ' Glucose level Inoculum size Run
in % Million cells/ml Number
Shake flasks 48 h 0 . 2 0 . 2 1 (Figure 4.1)
Shake flasks 48 h 0 . 2 2.9 3
Shake flasks 24 h 2 1 4 (Figure 4.2)
Shake flasks 24 h 2 6 5
Inoculum size Shake flasks 24 h 2 8.9 6
Bioreactor 24 h 2 1 . 2 7(Figure 4.18)
Bioreactor 24 h 2 8 . 8 8
Bioreactor 24 h 2 1 & 2 9
Shake flasks 48 h 0 . 2 0 . 2 1 (Figure 4.4)
Shake flasks 24 h 0 . 2 0.5 2
Shake flasks 48 h 1 (175 10 (Figure 4.5)
Inoculum age Shake flasks 24 h 1 0.75' 1 1
OllcilxC XlclSivS
Shake flasks
48 h 
24 h
4
4
0.75
0.75
12 (Figure 4.5)
13
Shake flasks 48 h 1 0.75 10(Figure 4.6,8)
Shake flasks 48 h 2 0.75 1 2  " ''
Glucose level Shake flasks 
Shake flasks
48 h 4 0.75 14 " "
24 h 1 0.75 11 (Figure 4.7.8)
Shake flasks 24 h 4 0.75 13 " ''
Shake flasks 24 h 2 1 4 (Figure 4.2)
Bioreactor 24 h 2 1.7 15 (Figure 4.21)
Oxygen level Bioreactor 24 h 2 1 . 2 16 " "
Table 4.1 : Experimental program of batch culture.
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Yield (Yx/s) and specific glucose consumption rate (r/x ) were also determined in 
addition to the Monod parameters were determined for application in the Monod kinetic 
model.
Each batch experiment in the shake flasks was conducted in duplicate. Measured 
variables from duplicate experiments were set as lower and upper error limits for each 
experiment. An average o f these values was determined and presented as the data point 
for each experiment. Thus the associated error bar for each single data point shows the 
upper and lower values in the duplicate experiments. In this study measurement o f cell 
and glucose concentration for each sample was also duplicated. An average was 
determined and presented as a single measured value.
This experimental program was carried out in four stages. The first stage was to 
determine the effect o f inoculum size (or initial cell concentration) on growth variables 
and kinetics. This was performed by conducting eight batch experiments (see Table 4.1). 
Five of these experiments were carried out in 100 ml batch shake flasks (runs 1,3,4,5 and 
6 ) and three were carried out in the 2 1 bioreactor (runs 7, 8  and 9).
These experiments were performed by carrying out the batch culture in shake flasks and 
in a bio reactor using different initial cell concentrations (or inoculum size) in the range of 
0.2 to 19.2x10*  ^ cells/ml. The effect o f this on maximum cell number (X^ax), time 
n e c e s s a r y  to reach this maximum, duration o f  the lag period, and specific growth rate (p) 
were evaluated. Yield (Yx/s), and specific glucose consumption rate (q j were also 
determined.
The second stage o f this experimental program was to determine how inoculum age 
affects culture performance. Six experiments were carried out in 100 ml batch shake 
flasks. These experiments were carried out by inoculating medium with 24h old inocula, 
defined as young incula (runs 2,11.13), and 48 h old inocula, defined as old inocula (runs 
1.10.12). As previously, the effect o f this on maximum cell number, the time necessary to 
reach this maximum, duration o f lag period, and on specific growth rate (p) were 
evaluated. Yield and specific glucose consumption rate (r/x) were evaluated also 
determined.
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The third stage o f this program was to study the influence of main substrate constituent 
on culture performance. For this study five experiments were carried out in 100 ml batch 
shake flasks using different initial glucose concentration in range of 1-4 %. These data 
were analysed as stated above for stages of one and two.
Finally, in order to study the effect of oxygen transfer on cell growth two batch 
experiments were also performed in bioreactor (runs 15,16) at different background 
oxygen levels. These data were also analysed as outlined previously.
4.2.1: S tudy definitions
It is essential to define those variables and kinetic parameters which are used in this 
study. The initial cell and glucose concentration is defined as the value which is measured 
immediately at the beginning o f each experiments. The final glucose concentration is 
defined as the value at the end of each experiment. The maximum cell concentration is 
de lined as the largest value in each experiment. The time necessary to reach maximum 
cell concentration is defined as the time elapsed at the start o f each experiment until 
maximum cell concentration is reached.
The duration o f lag period is defined as the time of the start of the experiment during 
which the cell concentration does not change significantly. A significant change being 
defined as an increase which is greater than the maximum error associated with all 
previous data points. For example, Figure 4.1 shows how the lag period evaluates for 
experimental data points o f run l. The stationary phase is also defined in similar way, thus 
allowing the identification o f the exponential period from which the specific growth rate 
ma\' be determined using M althus’ law (see Appendix on page B16).
The true yield is defined as the number o f cells produced per unit mass of substrate 
consumed. According to this definition the yield (Yx/s) is defined as Ax /As where Ax is 
the difference between the cell concentration at the beginning and at the end of 
exponential phase. As is the difference in the glucose concentration over the same period 
(see Appendix on page B13). The yield (Yx/s) was estimated by determining the slope of
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a linear relationship between the change in cell concentration (X) and the change in 
glucose concentration (S) over the exponential phase. However, the yield in this study 
may also defined by using the standard definition of biomass produced per unit mass of 
substrate consumed.
The specific glucose consumption rate, (q  ^ = iVx) defined, as the glucose consumption 
rate (I's) per average o f cell concentration (Xa), was estimated by determining the slope o f 
a linear relationship between glucose consumption rate (1*5) and average cell concentration 
average (Xa). In this determination is=(Sn+r Sn_i)/(tn+] -  t„.i)) and Xa = (x„+i +Xn-i)/2).
4,2.2: M onod kinetics analysis
The relationship between the specific growth rate (p) and the limiting substrate 
(S) may be expressed by the Monod model. The Monod model constants, Ks and pmax, 
are dependant on the cell environmental conditions. Six experiments (runs 4, 
10.11.12,13) were performed in ICO ml shake flasks to determine the effect o f the 
operational parameters (age, size and glucose) on the Monod constants. These 
experiments were performed at different glucose concentrations, different inoculum age 
and size. The effect o f these parameters on Monod saturation constant (Ks) and 
maximum specific growth rate (pnia.x) were evaluated.
4.3: Batch cultivation in shake flasks 
4.3.1: Effect of inoculum size
Experimental results o f aerobic batch cultivation in shake flasks are shown in 
Figures 4.1 and 4.2. In this study five sizes of inoculum were used which led to growth 
cultures with initial cell concentrations ranging from 0.2 - 8.9x10^ cells. The experiments 
were carried out at two glucose levels o f 0.2 (runs land 3) and 2% (runs 4,5 and 6 ). Raw 
data for these runs are presented in the Appendix (Tables of A4.1 to A4.4). By using 
these data, the kinetic parameters which have been defined previously were evaluated. 
These results are represent in Table 4.2.
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Figure 4. i : Influence of inoculum size (initial cell concentration) on cell growth o f S.pombe in 
shake flasks batch culture using 0.2 % glucose (2 g/1) in medium
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Figure 4.2: Influence o f inoculum size (initial cell concentration) on cell growth o f 
S. pombe in shake flasks batch culture using 2% glucose (20 g/1) in medium
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Parameters
Shake flask culture
R un 1
Xo=0.2xl0‘'cclls/mi 
So = 0.2%
R un 3
Xo=2.9xl0'’ cells/ml 
So = 0.2%
R un 4
Xo=l xlO* cclis/ml 
So = 2%
R un  5
Xo=6xlO*ccl Is/ml 
So = 2%
R un 6
Xo=8.9xlO® ceils/ml 
So = 2%
^  max (million ceils/ml) 15.48+1 26.05+0.5 82.61+4.7 10517 138.614.5
Time at X max (h) 28±10 24+13 38110 2515 1713
Lag period (h) 7 2 5 — 2
ft (ii~S 0.15 &22 0.172 0T93 0.212
Table 4.2; Effect of inoculum size on culture performance
These results generally show that the maximum cell concentration and the specific 
growth rate, are enhanced by increasing the inoculum size, while the duration o f the lag 
phase and time to reach maximum cell concentration are reduced when a larger quantity 
of inoculum was used. For example, the experimental results at 0.2% glucose 
concentration (Figure 4.1) show that when inoculum size is increased from 0.2 to 2.9x10^ 
cells/ml, the maximum cell concentration was increased by 68% and duration o f the lag 
period was reduced from 7 to 2 hours when a larger inoculum was used.
The effect of inoculum size on cell growth at 2% glucose concentration is illustrated in 
Figure 4.2. These results show also that when inoculum size increased from 1-8.9x10*^ 
cells/ml the maximum cell concentration increased by 69%. These results also show that 
the time necessary to reach maximum cell concentration was increased from 17 ±3h, at an 
inoculum of 8.9x10^ cells/ml, to 38 h ±10h in at an inoculum of 1x10^ cells/ml. Duration 
o f the lag period was also decreased from 7 to 2 h when a large inoculum size was used. 
The effect of inoculum size on the specific growth rate (p) is presented in Table 4.2. It 
can be seen that the value of p obtained in both experiments increased with increasing of 
inoculum size.
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4.3.2:.Effect of inoculum age
Experimental batch cultivation'results in shake flasks with different inoculum 
ages are shown in Figures 4.3 and 4.4. In this study six experiments were carried out at 
three glucose levels of 0.2% (runs land 2), 1% (runs 10,11) and 4% (runs 12,13). In these 
experiments inocula of age o f 24 h (in runs 2, 11,13) and inocula o f age o f 48 was (runs
1,10,and 12) were used. Data for these experiments are presented in Appendix Tables of 
A4.1 to A4.4 . The derived results are presented in Table 4.3.
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Figure 4.3: Effect of inoculum age on cell growth in shake flasks with 0.2% glucose in 
batch culture medium (runs 1 and 2)
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,4: Effect of inoculum age on cell growth in shake flasks in batch culture 
with 1% (runs 10 and 11) and 4% (runs 12 and 13) glucose
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Parameters
Shake flask culture
R un 1
Old inoculum 
So=0.2%
R un 2
Young inoculum 
So=0.2%
R un  10
Old inoculum 
So=l%
R un 11
Young
inoculum
So=l%
R un 12
Old inoculum 
So=4%
R un 13
Young
inoculum
So=4%
Xo=0.2xl0'’
ceils/ml
Xo=0.5xl0''’
cells/inl
Xo=0.75xl0^
cells/ml
Xo=0.75xl0"
cells/inl
Xo=0.75xI0"
cells/ml
Xo=0.75xl0*
cells/mi
X max (million 
cclls/ml)
15.48+1 15.45+0.3 7.9+0.2 14.6+0.4 34.5±2.7 51.05+1.2
Time at X max
(h)
28+10 24±3 28+6 20+2 28+8 28+3
Lag period (h) 7 7 10 < 2 10 < 2
ft (h \ 0.15 0.17 0.19 &22 &24 0.27
Table 4.3 : Effect of inoculum age on culture performance
These results generally show that the maximum cell concentration, the duration of the lag 
phase period and the time to reach maximum cell number were reduced by reducing 
inoculum age. Specific growth rate was also slightly decreased when old inoculum was 
used. Experimental results for very low initial glucose concentration (Figure 4.3) show 
that when young inoculum is used maximum cell concentration and specific growth rate 
were not changed significantly particularly for long cultivation runs.
The effect of inoculum age on cell growth at 1% and 4% glucose concentration is 
illustrated in Figure 4.4. The results o f experiments with 1% glucose show when a young 
inoculum was used with the same initial cell concentration, the maximum cell 
concentration was increased by 82%; the specific growth rate also increased 16% (from 
0.19 to 0.22 /h). The duration o f the lag period reduced from 10 to less than 2 h when 
young inoculum was used while the time necessary to reach maximum cell concentration 
decreased from 28 to 20 h. Similar changes were also obtained for results o f experiments 
with 4% glucose.
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4.3.3 - Effect of initial sugar concentration
Experimental batch cultivation reisults obtained in shake flasks with different initial 
glucose concentrations are shown in Figures 4.5 to 4.8. In this study six experiments were 
carried out at two inoculum ages o f  48 h (runs 10, 12 and 14) and 24 h (runs 4,11 and 13). 
In these experiments inoculum size was constant and three glucose levels o f 1,2 and 4% 
were used. Raw data from these experiments are presented in Appendix Table of A4.5. 
The derived results are presented in Table 4.4.
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Figure 4.5: Effect o f initial glucose concentration on cell growth in batch shake flasks 
culture using old inoculum (runs 10,12 and 14)
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Figure 4.6: Effect o f initial glucose concentration on glucose consumption in batch shake 
flasks culture using old inoculum (runs 10,12 and 14)
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Figure 4.7: Effect o f initial glucose concentration on cell growth in batch shake flasks 
culture using young inoculum (runs 11,13)
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Figure 4.8: Effect o f glucose concentration on glucose consumption in shake flasks in 
batch culture (runs 11,13)
Parameters
Slitike flask cultiire
Run 10
OUI inoeiilitiim 
So=l%
Run 11
’Soiing inoculum 
So=l%
R un 14
Old inoculum 
So=2%
R un 12
Old inoculum 
So=4%
R un 13
Young
inoculum
So=4%
Xo=0.75x10" 
cells/ml
Xo=0.75.\10"
cells/ml
Xo=0.75xl0"
cells/ml
Xo=0.75xl0"
cells/ml
Xo=0.75xl0"
cells/ml
^  max (million cclls/ml) 7.9±0.2 14.6±0.4 20+13 34.5+2.7 51+13
Tim e at X „,.,x (h) 28+6 20±2 30+6 28+8 28+3
Lag period (h) 7 < 2 6 4 < 2
1 1 ~i M- (ii ) 0T9 0 J 2 032 0.24 0 3 7
Table 4.4: Effect of initial glucose concentration on culture performance
These results generally show that at the same inoculum age, maximum cell concentration 
and specific growth rate increase as initial glucose concentration increases. The duration 
o f the lag period and time to reach maximum cell number slightly reduces when a higher 
glucose concentration was used. Experimental results using old inoculum at 1%, 2% and 
4 % glucose concentration (Figure 4.3, 4.4) show the maximum of cell concentration at 
the same initial cell concentration was increased from 8x10^ cells/ml to 34.5x 10^
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cells/ml when, glucose level increased from 1 to 4%. The specific growth rate increased 
from 0.19 to 0.24 /h. The lag phase redliced from 7 to 4 h when higher glucose level was 
used while the time necessary to reach maximum cell concentration was relatively 
constant (~ 28 h).
The results for experiments using young inocula also show an increase in the maximum 
cell concentration and the specific growth rate using 1% and 4 % glucose. The duration 
o f the lag period and time necessary to reach maximum of cell concentration were also 
reduced. At 4% glucose concentration (runs 12,13) the residual glucose concentration 
was 3 g/1, while the residual glucose concentration in other experiments (runs 10,14), was 
almost zero for other glucose concentration (see Figure 4.6).
4.3.4:. Discussion of batch shake flasks results
Generally, this study has shown that S.pombe can be successfully grown under the 
specific conditions chosen. It has been shown that cells grow in the defined medium 
EMiM2m as expected. The determined values o f 138.6+4.5x10'^ cells/ml, a 2h duration for 
the lag period and specific growth rate o f 0.212 /h from the experiment carried out at 2% 
glucose and an inoculum of 9+0.5x10^ cells/ml, were similar to those values obtained by 
other workers (Barford 1 1985a,b, Mitchesen 1970,Queiroz et al' 1990 and Yagi et al 
1998).
The experimental results also suggest a direct relationship between initial conditions and 
culture performance, within values obtained for maximum cell concentration, duration of 
the lag period and specific growth rate. It was assumed that cell growth was exponential 
therefore, only a single parameter p (or td), is required to characterise cell growth 
kinetics. As such the influence o f the initial growth conditions, inoculum age and size of 
inoculum and glucose concentration, on this kinetic parameter was studied. The results 
obtained show that the influence o f initial conditions follow the expected trends. These 
observations were supported by results reported in the literature (see Table 2.3).
The value of p was found to be dependant upon the initial conditions, particularly initial 
glucose and initial cell concentration, and varied between 0.19-0.27 /h. The largest value 
was obtained when higher initial glucose concentration was used. This demonstrated that
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this parameter was strongly affected by initial glucose concentration. The variation in p 
due to changes of glucose concentration shows that this parameter is a function of 
glucose concentration when other growth conditions are constant. However, this 
parameter, in experiments carried out with constant glucose concentration o f 2%, was 
itself approximately constant at 0.2 /h. Obtaining a constant value o f p  confirms that 
growth in these experiments was in the exponential phase. The slight increase o f p at 
constant glucose concentration, due to the impact o f inoculum size and age, was also 
expected. This increase was expected because, according to definition of p, this 
parameter is evaluated directly from growth rate which is affected by those initial 
conditions. Thus, a change o f inoculum size or inoculum age will also alter p. This 
knowledge about p is critically important, as this parameter will may be used for 
predicting growth, biomass production, substrate consumption or even cell size during the 
cell cycle (see cultivation processes o f S.pombe in chapter 2).
These experiments show the performance o f growth can be strongly affected by changing 
the inoculum age or size. Improvement in the yield, at different inoculum ages and sizes 
for the grovMh of S.pombe in EMM2m medium has apparently not been previously 
reported. The experimental results in this study revealed that the maximum cell 
concentration and specific growth rate increased with increasing initial inoculum size and 
initial glucose concentration. The time necessary to reach maximum cell concentration 
and duration of the lag period decrease with increasing these same initial conditions. 
Increasing the age o f inoculum has the opposite effect on these performance parameters. 
Thus cultivation with younger cells gives rise to higher specific growth rates and a 
shorter lag periods. An increase o f glucose, causes a rapid increase in the maximum cell 
concentration and a rapid decrease in final glucose concentration due to higher specific 
growth rates (p).
Finally, within the experimental conditions o f this study, these results show that at 
constant initial conditions, p was a fiinction o f glucose and cell concentiation, but not 
dependent on the scale of the batch system. The value o f p  from shake flask study will be 
used in the scale up for experiments in a bioreactor, where the same growth conditions 
will be applied.
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4.3.5: Estimation of growth parameters
Experimental raw data for batch runs (1 to 14) were used for the kinetic study of 
S.pombe. In this study, yield and specific glucose consumption rate (qs = I's/Xa) were 
evaluated. These parameters are not dependent on the cell concentration and glucose 
concentration, thus, they should not change with time. The measured values of these 
parameters for each experiment are presented in the Appendix (see Tables A4.1 to 4.5). 
These parameters should change when different initial growth conditions were used. The 
values of yield and specific glucose consumption rate at different growth conditions, 
different inoculum sizes and ages, different initial glucose concentration are presented in 
Tables 4.5, 4.6 and 4.7.
4.3.5.1 : Determination of yield (Yx/s)
In this section, the yield (Yx/s) was estimated by determining the slope of a linear 
relationship between two variables, cell concentration (X) and glucose concentration (S). 
For this purpose, raw experimental data for runs at different initial conditions (runs 
4,11,12,13,14) were used to calculate the yield. The evaluatiorr of yield for each 
experiment is presented in Table A4.6. As an example, the yield evaluation for the 
experimental data for run 4 is described in Appendix on page B 13. The derived values of 
the yield are presented in Tables 4.5-4.7.
The calculated yield was defined as (million cells/ ml) per (g glucose / 1). To define yield 
as (g of dry biomass/ g glucose) two assumptions were used. First it was assumed that, 
weight of approximately 1x10  ^ S.pombe cells/ml is equivalent to 0.5 g o f wet biomass /I. 
This conversion factor was used for converting cell concentration into wet biomass. 
Secondly to convert wet biomass to dry biomass. It was assumed that 80% of cell mass is 
water and 20% of cell mass is dry mass. For example from experimental data for run 4, a 
value o f the yield of 4.32x10 ® (cells/ml) per (g glucose/1) was obtained. Using the above 
assumptions, a value of 0.43 g o f dry biomass/ g glucose was calculated as yield for this 
experiment.
4.3.5.2:. Determination of specific glucose consumption rate
In this section, the specific glucose consumption rate (q^) was estimated by 
determining the slope of a linear relationship between two variables, glucose 
consumption rate (r^) and average cell concentration (X J. For this purpose, raw
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experimental data for runs at different initial conditions (runs 4,11,12,13,14) were used 
from this calculation. Specific glucose consumption rate for each experiment are 
presented in Table A4.7. An example o f the determination o f Qs for the experimental data 
for run 4 is presented in the Appendix on page B15. By using equation 4.1 the values of 
specific glucose concentration were estimated. These values are presented at Tables 4.5- 
4.7. Assuming that both p and Yx/s are constant, the specific glucose consumption rate 
can also be predicted (correlated) from values o f yield and specific growth rate 
(according to equation 4.2). These values are also represented at Table 4.5-4.7.
(4.1)
Tv/, (4.2)
Ideally, the predicted values o f qs (from equation 4.1) and the estimated values o f qg 
(from experimental raw data) should be the same. Discrepancies in these data are 
illustrated in Figure 4.9. It can be seen from this figure that the predicted values o f  qs and 
determined values o f qg have fitted well on a diagonal line.
0 E)^e N me nta I /ml)) 0 .3
Figure 4.9; Comparison o f predicted and determined specific glucose consumption rate 
for shake flask experiments under different initial conditions (runs 
4,11,12,13 and 14)
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4.3.6- Estimation of Monod constants
The Monod model has two constants (parameters) p^ax, and Ks (see Appendix on 
page B16). This model and its parameters are able to describe the experimental 
observations for growth as a function o f a single substrate. By using this model, a 
dynamic description o f growth can be provided if the initial conditions are constant. 
Thus, for this model the initial conditions such as initial glucose concentration (So), 
initial cell concentration (Xo) and composition o f medium needs to be specified. 
According to this model, when the substrate concentration in the medium is high such as 
in the first few hours o f  batch cycle), the growth rate would be at its maximum. But 
during the first few hours o f a typical batch cultivation initial growth rate may not be at 
its maximum, if  there is a significant lag period when growth rate is almost zero. Thus, 
the Monod model can only really describe batch growth kinetics from the exponential 
period to the start o f the stationaiy period. Given these assumptions, Monod kinetics have 
been used for studying batch culture in this dissertation.
To estimate the Monod constants, the experimental data for p and S were used (see Table 
A4.8). The method used to estimate the Monod constants was that o f Lineweaver-Burke . 
.According to this method a graph o f 1/p versus 1/S is needed for estimation of the Monod 
constants. As an example, the derived experimental data 1/p and for 1/S in run for 4 are 
presented in Appendix on page B13. By measuring the slope and intercept the linear 
relationship, values o f the maximum specific growth rate (pmax) and Monod saturation 
constant (Ks) can be estimated. The values of Monod constants are derived and presented 
in Tables 4.5-4.7.
Tab
Parameter
Run 4
Xo=l xlO" cells/ml, So = 2%
Yield (million cells/m i) per (g glucose /I) 4.32
0.172
Determined Qs (g glucose / l.h) per (millions cells/ml) 0.027
Predicted Qs(g glucose / l.h) per (millions cclls/ml) 0.04
ftm ax (h  ) 0.124
Ks (g/I) 5.49
e 4.5:.Evaluated kinetics parameters from batch experimental data (run4)
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parameter
R un 10
Old inoculum 
So=l%
R un 11
Young inoculum 
So=l%
R un 12
Old inoculum 
So=4%
R un 13
Young inoculum 
So=4%
Xo=0.75.xl0"cells/ml Xo=0.7 5x 1 OAelis/nil Xo=0.75xI0"cells/ml Xo=0.75xl0'’cells/ml
Yield (m illion cells/m l) 
per (g g lucose/I)
0.70 1.63 0.96 1.35
(.1 (h-', 0.19 0.22 0.24 0.27
Determined qs 0.1185 0.1561 0.1181 0.1455
Predicted Qs 0.27 0.135 0.25 0.2
ftm ax (h ) 0.15 0.23 0.234 0.37
Ks (g/1) 12.51 9.30 3.0 2.28
Table 4.6: Effect o f inoculum age on kinetics parameters
Parameter
R un 10
Old inoculum 
So=:%
R un 4
Old inoculum
So=2%
R un 12
Old inoculum
So=4%
R un 11
Young inoculum 
So=r/o
Run 14
Young inoculum 
So=2%
R un 13
Young inoculum 
So=4%
Xo=0.75xl0"
cells/inl
Xo=!.OxiO"
cclls/ml
Xo=0,75xl0"
cells/ml
Xo=0.75xl0"
ceils/ml
Xo=0.75xl0"
cells/ml
Xo=0.75xI0"
cells/ml
Yield
(million cells/ml) 
per 
(g glucose /I)
0.70 0.96 0.97 1.63 0.97 1.35
l-i ( i r ' , 0.19 0.172 0.24 0.22 0.22 0.27
Determined qs 0.152 0.027 0.254 0.1560 0.1890 0.213
Predicted 0.27 0.04 0.25 0.135 0.226 0.20
ftm ax (b ) 0.15 0.234 0.15 0.230 0.15 0.37
Ks (g/I) 12.51 5.49 3.0 9.30 0.82 2.28
Table 4.7: Effect of initial glucose concentration on kinetics parameters
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4.3.7: Discussion of growth kinetics results in shake flaslis
In order to study batch growth of S.poptbe, the kinetic growth parameters o f yield 
(Yx/s). specific glucose consumption rate and the Monod constants, o f pmax and Ks, were 
derived.
4.3.7.1: Kinetic grow th analysis
The analysis o f the experimental data from this study show that yield, which is 
defined as the amount of cells produced from a given unit o f substrate (dx/ds), varied 
considerably during the course o f a cultivation. These values are presented in Appendix 
(Table A4.6) for each experiment. However, this parameter is changing during cultivation 
time (due to change o f  biomass and substrate concentrations) and can not be used for 
describing process performance. For this reason, average yields are used. The average 
yields are referred to as yield. This parameter describes how efficiently a substrate (e.g. 
glucose) is converted into biomass. In the exponential growth phase, this parameter was 
estimated by a linear relationship between variables of X and S. This led to a 
determination of the value o f yield for each experiment. This value can be used as one o f 
the growth parameter to identify S.pombe growth in EMM2m medium with glucose as 
limited substrate.
This study also showed that the yield o f S.pombe in certain conditions is relatively 
constant, but can be influenced by both the initial inoculum conditions and by the initial 
glucose concentration. This is expected because yield is directly estimated from X and S 
and both these variables are affected by the initial growth conditions. These results 
showed that yield will increase if inoculum size or initial glucose concentration increases 
and will decrease when an old inoculum is used. Similar observations were obtained by 
other investigators (Parajo et al, 1998).
Estimated true yield in this study was assumed be equal to the observed yield. Thus, 
according this assumption, total glucose consumption (AS) which is the sum of two parts 
o f cell assimilation (ASg) and cell maintenance (ASm) is equal to ASg. In other words, 
the aerobic growth cultivation in these experiments is assumed to be fast enough (which 
may happen in shake flask or in bioreactor) such that the amount o f substrate used for 
biomass maintenance was negligible. This assumption is supported by Bailey and Ollis
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(1986). who State that in an exponentially growing cell population, cells will use most 
substrate for assimilation, while in ' stationary phase substrate is mainly used for 
maintenance ASm =0).
From these results it can be seen that growth rate and glucose consumption rate are 
dependent on time and initial growth conditions. This dependency is expected because 
they are always a function o f the present growth conditions. These data show that growth 
can be measured by specific growth rate and by yield because they are constant during 
grovvth. Growth can also be measured by specific glucose consumption rate because this 
parameter is defined as the ratio between specific growth rate and yield which both are 
constant. Data presented from these experiments (Figure 4.9) shows that the estimated 
values o f from these experiments is relatively similar to the predicted values from 
equation 4.2. Thus, this parameter also seems also to be constant and growth can also be 
measured by this parameter as well. The difference between values o f predicted and 
estimated qs is expected because both these qs values were evaluated using graphical 
methods which are proven to have errors.
4.3.7.2: Monod kinetic analysis
Results from this study show that the value of maximum specific ’growth rate (Pmax) was 
different for each batch experiment. As stated before (in Chapter 2) this parameter will 
not change if initial growth conditions are kept constant. Meanwhile the obtained value of 
Tniax lor experiments with the same conditions was constant. The, maximum specific 
growth rate is the maximum achievable for p. According to the Monod model, p 
increases with the concentration of glucose (S). However, when the concentration o f the 
growth limiting substrate exceeds a critical value, p  reaches a maximum, that is the 
maximum specific growth rate (Pma.\)- Comparing values o f p and p^ax in runs 10,11, and 
12. these two values are relatively similar. These results also revealed that the value of 
Pmax will increase when using a larger inoculum size or by using a younger inoculum. 
Also, this parameter increases when high levels o f glucose were used. The parameter 
which influence p have been illustrated in a previous section (see section 4.3).
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In this study, the values obtained for maximum specific growth rate varied between 0.15 
to 0.37 /h. These values were in the range o f values which obtained from literature (Table 
2.3).
In this study the Monod saturation constant (Ks) was also estimated for S.pombe under 
different growth conditions. This study showed that under different growth conditions 
different values o f Ks were obtained. The value o f  Ks varied between 0.82 to 12.51 g/1. 
These results highlight two issues, first that the value o f Ks for these cultures was high 
and second that Ks varys with at different conditions. It is believed that the best kinetics 
value of Ks and should be to have the lowest possible Ks and highest possible Pmax. 
A low Ks indicates that the substrate concentration require to induce a growth rate 
equivalent to half p^ax is also low.
It is essential to discuss why. in some experiments (e.g. run 10, 11,4), the obtained values 
of Ks in shake flask cultivation, were relatively large. As stated in the literature (Egli, T. 
and Kovarova K,1998) in most microbial systems such as batch, when p^ax is high, the 
value of Ks is also tends to be high. As such, it is clear that growth in these experiments 
(with very high value o f Ks) were not conducted at the best growth conditions (for 
example when inoculum was old and glucose concentration was 1% only). The higher 
value of Ks means that p was significantly below p^ax • Thus these results (runs 10,11 
and 4) show that growth did not follow the exponential growth model very well and its 
probable that the growth was at an extended stationary phase. This suggestion was 
supported in runs 10, and 11 where more than half o f the cultivation period in both runs 
was in the stationary phase (see Figure 4.5). Therefore, according to these observations, 
the Monod model does not describe the batch growth kinetics o f the S.pombe well in this 
system.
The second problem with the values of Ks was its variation with growth conditions. It can 
be assumed that Ks will change with conditions because p changes with conditions itself 
This assumption is supported in the literature (Ghaly A. and Tango M.,1999).
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4.3.8:. Fitting of experimental raw data with Monod model
In this section fitting o f data points into a model function was undertaken. The 
basic approach is to determine the difference between experimental data and the model at 
a particular choice o f parameters. The parameters o f the model are then adjusted to 
achieve the minimum difference in error, thus yielding best-fit parameters. In this study, 
experimental data was fitted to the Monod model by adjusting the values of the Monod 
constants. The model was solved using the Euler integration method (see Appendix on 
page B17).
4.3.8.1: Prediction of shake flask batch  cu ltu re
The estimated values for the Monod constants in the previous section were used 
as initial parameter values in the model. By solving the model equations, batch growth 
was predicted and fitted. The fitted model parameters from this process were compared to 
those estimated from the experimental data. These data are presented in Tables A4.9 to 
A4.14. As an example, the prediction for experimental data o f run 4 are presented in 
Figure 4.10. In this figure the solid lines represent experimental data and the broken lines 
present the model’s predictions. This figure indicates that the proposed kinetic model can 
satisfactorily predict (simulate) the growth.
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Figure 4.10; Fitting o f batch shake flask experimental data (Xo = 1x10  ^ cells/ml , So = 
20 g/1) with the Monod kinetic model using the Euler integration (predicted values : 
Pninx = 0.19 /h ,Ks = 2.0 g/1 and Yx/s =3.9 (million cells/ml) /(g glucose/1)
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The prediction o f the growth at glucoâe concentrations of 1 to 4 % was also repeated 
using the same method. This prediction led to the estimation of kinetic parameters for 2% 
glucose (in runs 4,14), for 1% glucose (in runs 10,11) and for 4% glucose (in runs 12.13) 
which are presented in Tables A4.11 to A4.14. As an example, the predictions for two 
experiments, runs 10 and 13 are presented in Figures 4.11 and 4.12.
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Figure 4.11: Fitting o f batch shake flasks experimental data (Xo =0.75x10  ^cells/ml, So= 
40 g/1) with the Monod kinetic model using the Euler integration (predicted 
values: Pmax“  0.20 /h,Ks = 2.1 g/1 and Yx/s = 1.18 (million cells/ml)/(g 
glucose/1)}
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12: Fitting o f batch shake flasks experimental data (Xo =0.75x10  ^cells/ml, So= 
10 g/1) with the Monod kinetic model using the Euler integration method 
(predicted values: = 0.15 /h ,Ks = 1 g/1 and Yx/s = 0.82 (million cells/ml)/
(g glucose/1)
In both graphs the difference between predicted growth and the experimental data can be 
observed. The kinetic parameters obtained from the predictions for 1, 2 and 4% glucose 
are compared with the estimated parameters and presented in Table-4.8.
Param eters
1%  glucose 2%  glucose 4%  glucose
R un 10 R un 11 Run 4 Run 14 Run 12 Run 13
B max ( /h ) Estimated 0.15 0.23 0.124 0.15 0.234 0.37
Fitted 0.15 0.17 0.19 0.17 0.221 0.20
K s ( g / I ) Estimated 12.51 9.30 5^4 032 3.0 2.28
Fitted 1.0 0.90 2.0 0.97 2.01 2.1
(million
cells/ml) per 
(g glucose /I)
Estimated 0.70 1.63 432 0.97 0.96 1.35
Fitted 0.88 0.815 3.9 039 1.11 1.18
Table 4.8: Comparison o f predicted kinetics parameters and estimated kinetics parameters 
at different glucose concentrations in shake flasks.
This table indicates that the fitted values o f p^ax varied between 0.15 and 0.22 /h, while 
the estimated values o f pmnx was varied between 0.15 and 0.37 /h. flirtherinore, the fitted 
values o f Ks varied between 0.9 and 2.1 g/1, as compared to the estimated values o f Ks
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which varied between 0.82 and 12.51 g/1. From this table it can also be seen that the fitted 
yield varied between 0.88 to 3.9, while the estimated yield varied between 0.7 to 4.32 
(million cells/mi)/ (g glucose /I). This table shows that the variation in the fitted 
parameters (particularly and Yx/s ) is less than that in the estimated parameters. The 
predicted values of pmax, Yx/s and Ks are presented in Figure 4.13. The average values for 
these parameters have also been determined and presented in this figure. These average 
values o f Ks and ax have been selected as Monod parameters for the system.
(J. Max
0.3 
,0 .2 5  
I 0.2 
"o.15 
0.1
T 0.18:4 0.184 I
0 2 3Glucose %
Ks2.5
1.4971.497
0.5
Glucose %
y ie ld  (m illion  ce lls /m l)/(g  g lu co se  /I)
Glucose %
Figure 4.13: Values o f predicted kinetics parameters in shake flask at different glucose 
concentrations. The average o f these parameters for S.pombe at EMM2m shown 
as dashed line.
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To investigate whether selected Monod parameters are reasonable, it is necessary to test 
this model. To achieve this, the growth inodel is solved with the same initial conditions as 
for experiments (runs 4,14,10,11,12,13) while using the average parameter values, 0.184 
/h for pmax and 1.5 g/1 for Ks were used. The results of these tests are presented at 
Appendix on Tables A4.15 to A4.20. The value o f 0  (eiTor) was also determined (see 
Appendix on page B17 for definition of 0 ) . An example of these prediction is presented 
in Figure 4.14.
120 * ' f. '
— X (Ex p e rim en ta l )  
- O ' X m o d e l  = X + d x  
— s— s  (E xp e rim en ta l )  
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12 Zz
O  I
<  ‘“ I  1-
g  I o
X(exp)
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_J_lUJ : 
^  20  - S (exp)
0 5 10 15 20 TIME^rs) 35 45 5030 40
Figure 4,14: Predicting of growth variables of X and S by testing Monod constants o f 
Pmax = 0.184 /h, Ks = 1.5 g/1 in model; this prediction was 20 million 
cells/ml as maximum of X , 0.81 g/1 as final o f S, 3.01 as 0  (error)
This figure shows that the Monod constants can be used for predicting growth variables 
such as X and S. It can be seen from this figure that the model satisfactorily predicts 
growth for this experiment. Finally, the predicted value o f Xmax and the predicted value o f 
Smin were determined for all experiments. These values are compared with these 
determined previously from the experimental data in Figine 4.15.
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Figure 4.15: Comparison of predicted and experimental values o f maximum cell 
concentration by using Monod constants o f pmax“  0.184 /h, Ks = 1.5 g/1 in 
model
4 .4 : B a tc h  c u l t iv a t io n  in  b io r e a c to r
Experimental results for aerobic batch cultivation in a bioreactor are shown in 
Figures 4.16 and 4.17. These results were obtained by carrying out batch culture at 
different inoculum sizes (or different initial cell concentration) and at different oxygen 
levels. In this study, four sizes o f young (24h age) inoculum were used which resulted in 
cultures with initial cell concentrations ranging between 1.2 and 19.2x10® cells /ml. The 
experimental data for these runs are presented in Tables A4.21 and A4.22. The influence 
of inoculum size the growth culture with 2% glucose was studied in runs 7-9, with wild 
the influence of the oxygen transfer rate on growth was studied in runs 15 and 16.
4.4.1 : Effect of inoculum size
The effect of inoculum size on cell growth in bioreactor is illustrated in Figure 4.16. 
These results are presented in Table 4.9.
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Figure 4.16: Influence of initial cell concentration on growth o f batch cultivation of 
S.pombe in an LH bioreactor using 2% glucose (20 g/1) medium
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R un 7
\o=1.2xl0‘'cclls/inl 
So =2%
R un 8
Xo=8.8xl0'’ celis/nit 
So =2%
R un 9
Xo=19.2 xlO* cclls/inl 
So = 2%
X  iiijix (million cells/ml) 76.75+16 118.25+16 155.5+9.6
Time at X „,.,x (h) 26±4 17±3 18+10
Lag period (h) - 4 -
(irS 0.17 0.193 0T40
Table 4.9: Effect of inoculum size on batch growth in a bioreactor
The results of runs 7 and 8 generally show that maximum cell concentration and specific 
growth rate are enhanced by increasing the inoculum size, while the time required to 
reach maximum cell concentration is reduced when a larger inoculum size was used. 
These results also show that when inoculum size increased from 1.2 to 8.8x10® cells/ml, 
the maximum cell concentration is doubled (from 76x10® to 156x 10® cells/ml). The time 
required to reach maximum cell concentration is then reduced from 26h to 18 h when a 
larger inoculum size was used.
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These experimental results (Figure 4.16) indicate that a period o f 20 hours would be 
enough for growing S.pombe cells in culture with 2%  glucose, these conditions yielding a 
sharp increase in cell concentration (more than ten fold o f initial cell concentration). It 
can be seen that values obtained o f p increased from 0.17 h~’ in run 7 to 0.193 h “' in run 8 
meanwhile this parameter was reduced when very laige inoculum size was used.
The profiles of cell and glucose concentration for run 8 (Table A4.24) show, after 20 
hours of cultivation, a maximum cell concentration o f 118x10® cells/ml and a final 
glucose concentration of 0.95 g/1. A lag period o f 4 h was also observed. During this 
period most of the glucose was consumed and the cell number reached a maximum. At 
the maximum cell concentration, lg/1 glucose remained unused in the medium. Because 
the cells at this time had entered into the stationary phase, it would appear seems that 
growth was not limited only by glucose, but by a different substrate as well. This 
experiment also shows that the maximum cell concentration may be achieved in less than 
20 hours if a large size for inoculum o f high viability is used.
4.4.2: Effect of oxygen transfer on growth
The effect o f oxygen transfer (oxygenation) on growth was also investigated in 
the bioreactor. Two batch experiments were carried out at similar initial conditions (i.e. 
inoculum size and age). By applying different mechanical conditions, such as different 
agitation and different aeration rates the influence o f  oxygen transfer rate on growth was 
studied. Cells were grown at a higher oxygen transfer rate (run 15) by using an aeration 
rate of 2 l/min and a stirrer speed o f 300 rpm. In the second experiment, cell were grown 
at a lower oxygen transfer rate (run 16). Using an aeration rate o f 0.5 l/min and and a 
stirrer speed o f 150 rpm.
The raw effect data for oxygen transfer on cell growth in a bioreactor is presented in the 
Appendix in Table A4.22. These data are also presented in Figure 4.17, with a summary 
of the growth parameters being presented in Table 4.10.
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Tgure 4.17; Effect o f oxygen level on cell growth in a LH bioreactor using same age and
size o f inoculum at culture with 2% sugar
Parameter R un 16
Xo=1.2xl0'‘ ccils/inl ,So =2% 
lower oxygenation
Run'15
Xo=l,7 xlO^ ’ cells/ml, So = 2% 
higher oxygenation
K  iiiax (million cdls/ml) 73.7±9 18.5±3.5
Time at X „,.,x (h) 26±4 70±4
Lag period (h) - 25
( ir ‘) 0.05 0.15
Table 4.10; Effect of oxygen transfer rate on growth
These results generally show that there is a significant increase in maximum cell 
concentration and specific growth rate when cell cultures were conducted using a higher 
oxygen transfer rate. Also, the time necessary to reach the maximum cell concentration 
was reduced.
The experimental results (see Table 4.22) indicate that cells grow very slowly under a 
low oxygen transfer rate. A large lag phase and very low glucose consumption rate were 
observed. To ensure that cells under these conditions were not grown anaerobically 
samples were taken at end o f both experiments and analysed for ethanol using gas
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chromatography (GC). The results obtained showed no ethanol was produced when a 
higher oxygen transfer rate was used. Howevere at a lower oxygen transfer rate a small 
trace o f ethanol was detected, but this was regarded insignificant. This study proved that 
growth in the batch culture under selected conditions (see material and method in chapter 
3) was aerobic.
4.4.3: Discussion of batch cultivation in bioreactor
Generally, this study shows the growth of S.pombe in a bioreactor under specified 
conditions was successful. It has been shown that this cell line grows in the defined 
medium of EMM2m as expected. Maximum cell concentration of 155.5±9.6x10® cells/ml 
and specific growth rate o f 0.15 /h were obtained from the experiment with the initial 
glucose concentration o f 2% and an initial cell concentration of 18.5x10® cells/ml. These 
results are similar to those reported by other workers (Barford 1985a,b, Queiroz et al 
1990 and Yagi et al 1998). Overall, these results show that the maximum cell 
concentration and specific growth rate increase with increasing inoculum size, while the 
time necessary to reach maximum of cell concentration decreases.
These results indicate that either the level of oxygen or the level of glucose can have 
effect on growth. It can be postulated that the batch aerobic growth was limited by both 
glucose and by oxygen (as limiting substrates). Howevere, It is also possible that growth 
was limited by the accumulation o f a toxic metabolic by-product, (as growth inhibitors). 
The effect such by-product on growth needs to be investigated more fully, but has not 
been directly addressed in this study.
As in the shake flask cultures, cell growth kinetics in the bioreactor was studied. 
Specifically the influence o f the initial growth conditions, i.e., size o f the inoculum, and 
the oxygen transfer rate on growth was then studied. The results obtained showed that the 
influence o f each o f these followed expected trends. These observations were supported 
b}' data obtained from shake flasks that in the literature (see Table 2.3).
The value o f p was found to be dependant upon the inoculum size and varied between 
0.14 and 0.19 /h. The largest value was obtained when inoculum size was about 8% of 
maximum cell concentration. Increasing inoculum size from 8% (in run 8) to 13% (in run 
9) o f maximum cell concentration, reduced the value of specific growth rate. Thus, it
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seems using 10% v/v o f the previous culture as inoculum provides maximum cell 
concentration which is possible to achieve.
The specific growth rate in the experiment and initial glucose concentration o f 2%, was 
approximately constant at 0.2 /h. Obtaining a constant value of p confirms that growth in 
these experiments was in the exponential phase. A slight increase in p, uaivy  the same 
glucose concentration, was observed due to an increase in inoculum size, this was also 
anticipated. This increase have been discussed previously (see section 4.3.4).
Again, as in the shake flask experiments, these results show the performance o f growth 
can be strongly affected by an alteration of inoculum size. The experimental results in 
this study revealed that the maximum cell concentration and specific growth rate increase 
when inoculum size is increased.
These experiments also show that a decrease in oxygen transfer rate (Q0 2 ), causes a rapid 
decrease in the maximum cell concentration. This rapid decrease was expected because in 
agitated aerobic batch culture in the bioreactor maximum cell concentration is a direct 
function of the mass transfer coefficient (Xmax = Kia.C^ai/qoz). A lower mass transfer 
coefficient (Kia) such as that used in run 16 reduces the value o f X„\ax,. Therefore, this study 
shows aeration and agitation in aerobic cultivation is a critical parameter and has 
significant effect on cell concentration. Finally, these experiments has confirmed the 
conditions necessary for aerobic growth in the bioreactor.
4.4.4: Estimation of growth parameters in bioreactor
Raw experimental data for batch runs (7-9) were used to study kinetics o f S.pombe. 
In this study yield and specific glucose consumption rate (qs) were evaluated. The 
measured values of these parameters for each experiment are presented at Table A4.21 to 
A4.22. The values o f yield and specific glucose consumption rate under different growth 
conditions are presented in Table 4.11.
4.4.4.1; D eterm ination of the yield (Yx/s)
In this section, the yield (Yx/s) was estimated from experiments under different 
initial conditions (runs 7,8 and9). The evaluation of yield for each experiment is presented
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in the Appendix in Table A4.23 and summarised in Table 4.11. As stated before (Section 
4.3.4) these values can be used as one o f the growth parameters characterise the growth o f 
S.pomhe in EMM2m medium.
4.4.4.2 -  D eterm ination of the specific glucose consum ption ra te
The specific glucose consumption rate (qs) was also estimated runs 7,8 and 9. 
Specific glucose consumption rate for each experiment is presented in the Appendix in 
Table A4.24. An example of the determination o f qs from the experimental data for run 9 
is described in Appendix on page B15 and the derived data (see equation 4.1 in Section 
4.3.5.2) is presented at Table 4.11. Assuming that both p and Yx/s are constant the 
specific glucose consumption rate can also the estimated (predicted) from values of yield 
and specific growth rate (see equation 4.2). These values are also represented at Table
4.11.
4.4.5: Estimation of Monod constants
To estimate Monod constants p^ax and Ks, the experimental data o f p  and S from 
Appendix (Table A4.21) was used. The method to estimate Monod constants was that of 
Lineweaver-Burke. The values of Monod parameters are presented at Tables 4.11.
Parameters
In bioreactor culture
R un 7
Xo=I.2xlO*cells/ml 
So -2 %
R un 8
Xo=8.8xl0* cclls/nil 
So = 2%
R un  9
X0=19.2 xlO® cclls/nil 
So = 2%
Yield 2.45 5.33 6.71
n  ,h-', 0.17 0.193 0.14
Determined qs 0.043 0.062 0.053
Predicted qs 0.069 0.036 0.021
M-max (h ) 0.145 0.4 0.265
Ks (g/I) 2.17 7.45 2.8
Table 4.11: effect o f inoculum size on growth kinetics and Monod parameters
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4.4.6: Discussion of growth kinetics results from a bioreactor
As previously, the value o f the growth parameters, yield (Yx/s), specific glucose 
consumption rate and Monod constants of pniax and Ks, were estimated.
4.4.6.1 : Kinetic growth analysis
As in the shake flask study, this study, in the bioreactor, shows that yield of
S.pombe under certain growth conditions (see chapter 3) is relatively constant, but it can 
be influenced by the inoculum size. These results, also showed that yield will increase if  
inoculum size increase; similar observations have obtained by other investigators (Parajo 
et al 1998). These results also showed that growth rate and glucose consumption rate are 
dependent on time and on initial growth conditions, this was similar to that observed in 
the shake flask study These results show that determined values of qs are different than 
predicted values and this parameter does not to be constant. Thus growth can be 
measured with specific growth rate and yield.
As mentioned previously (Section 4.3.7), specific growth rate and yield in exponential 
grow th are better measures for evaluating o f cell growth. The values obtained for specific 
growth rate varied between 0.14 and 0.19 /h and yield varied between 2.45 and 6.71 
million cells mfVli. These compared favourably with these reported in the literature 
(Table 2.3 in Chapter 2).
4.4.6.2: Monod kinetic analysis
The results of this study show that maximum specific growth rate (Pmax) was 
different in each experiment due to changes in the initial conditions. Therfore, it may be 
concluded that if  initial conditions are kept constant, the same value o f  p^ax will be 
obtained. The reason for this conclusion is easily the assumption that these cultures 
exhibit exponential growth (logarithmic growth). In this situation cell growth rate is not 
limited by any nutrients and the specific growth rate is the maximum achievable. 
Comparing values of p  and p^ax in runs 7-9 reveals that these parameters are 
significantly different, particularly in runs 8 and 9. These results also shows that when a 
large inoculum size is used this change is expected as p^ax and p have direct relationship 
in the Monod equation, as discussed previously (see Section 4.3.7). In this study the
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values obtained for maximum specific growth rate o f S.pombe was varied between 0.15 
to 0.4 /h. These values were in the range o f values seen in the literature (Table 2.3).
The Monod saturation constant (Ks) was also estimated and under different conditions 
and yielded different values. The value o f Ks varied between 2.17 and 7.45 g/1. Obtaining 
high values o f Ks, with significant variation when initial conditions are changed, has been 
discussed previously (see Section 4.3.7).
4.4.7: Fitting experimental data with the M onod from a model
As previously, these experimental data were fitted to the Monod model (see Section 
4.3.8).
4.4.7.1: G row th prediction in batch shake flask cu ltu re
Prediction of growth of S.pombe in aerobic batch cultivation was investigated. 
Estimated values of kinetic constants from the previous section were used as initial 
parameter values in the model. By solving model equations the batch growth was 
predicted (simulated). The model parameters from predicted growth were then compared 
with the estimated parameters from actual growth. The results o f this prediction are 
illustrated in the Appendix in Table A4.25. As example the prediction o f experimental 
data of run 8 are illustrated in Figure 4.18.
120 T
X (Experim ental) 
• • o  • 'X m odel = X + dx 
•■■ai -' S (Experim ental) 
■■ o -  -S m odel = S -r ds
P-.Q-O - O' D •D*0*0*P'*lï-^?^-0 - P -O -P-O -P  - O-P
^  100
20
_ a  -30 T
P  -
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Figure 4.18: Fitting batch bioreactor experimental data (Xo =8.8x10  ^cells/ml, So = 20 
g/1) with the Monod kinetic model using the Euler integration method 
(predicted values : pmax = 0.19 /h, Ks = 1.916 g/1 and Yx/s = 5.1 (million 
cells/ml) per (g glucose/1), O (error) = 0.492
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In this figure the solid lines represent the best fit o f the experimental points and the 
broken lines represent the model predictions. This figure indicates that the proposed 
kinetic model can satisfactorily predict (simulate) the growth. The kinetics parameters 
obtained from growth prediction for experiments with 2% glucose are compared with 
estimated parameters in Table 4.12.
Param eters
2%  glucose
R un  7 
Xo=1.2
Run 8
Xo=8.8
R un 9 
Xo=19.2
B max ( /h ) Estimated 0.145 0.40 0.265
Fitted 0.25 0.19 0.203
K s ( g / 1 ) Estimated 2.17 7.54 2.80
Fitted 2.6 1.916 1.907
Yx.'s (million cells/ml) 
per (g glucose /I)
Estimated 2.45 5.35 6.71
Fitted 3.5 5.10 6.50
Table 4.12: Comparison o f predicted kinetics parameters and estimated kinetics 
parameters at different glucose concentrations in bioreactor.
From this table it can be seen that fitted pmax values varied between 0.19 and 0.25 /h 
while estimated |Li„,ax values varied between 0.15 and 0.4 /h. Also fitted Ks varied 
between 1.9 and 2.6 g/1 while estimated Ks values were varied between 2.17 and 7.45 g/1. 
From this table it can be also seen that fitted yield varied between 3.5 and 6.5 while 
estimated yield varied from 2.45 and 6.71 (million cells/ml)/ (g glucose /I). This table 
shows that variation o f fitted parameters (particularly pmax and Yx/s ) much is less than 
estimated values.
These fitted values o f pma.\. Yx/s and Ks are presented in Figure 4.19. The average values 
for these parameters are also determined and presented at this figure. These average 
values of Ks and pmaxthen selected as Monod parameters.
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Figure 4.19: Values o f predicted kinetics parameters in a bioreactor at different glucose 
concentrations. The average of these paiameters for S.pombe at EMM2m 
shown as dashed lines
To investigate whether selected Monod parameters are correct, it is necessary to test this 
model. For this purpose, the model was solved at the same initial conditions as each 
experiment (runs 7 and 9). In this model, the values obtained previously 0.214 /h for pniax 
and 2. lg/1 for Ks were used.
By solving and fitting the model, growth variables o f Xmax and Smin were determined. The 
results for all experiments are presented in the Appendix in Table A4.26. The value o f 0
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as error was also determined (see Appendix on page B17 for definition of 0 ) . Figure 4.20 
can be considered as example of this testing procedure.
• T  20
160
I: ,
X
Zg
Iz 80UJOzoo — Xmodel = X + dx X {milionœlls/ml) 
Smodel = S + ds
0 5 1510 2520
TIME (hrs)
Figure 4.20: predictüon o f growth variables of X and S by testing Monod parameters of 
Pmax = 0.214 /h ,Ks = 2.14 g/1 in model; this prediction was 121 million 
cells/ml as maximum of X , 0.33 g/1 as minimum of S, and 0.892 as O 
(error)
This figure shows the Monod constants used for predicting growth variables such as X 
and S. It can be seen from this figure that the model satisfactorily predicts growth for this 
experiment. The predicted value of Xmax and of Smin were determined for all conducted 
experiments. These values are compared with values obtained from experiments and are 
presented in Figure 4.21.
99
Chapter 4: Batch experimental results and discussion
50 100 150
P re d ic te d  cell c o n c .  10® (cells/ml)
200
Figure 4.21: Comparison of predicted and obtained experimental values of maximum of cell 
concentration by using Monod constants o f pmax= 0.184 /h ,Ks = 1.5 g/1 in model
4.5: Comparison of shake flask and bioreactor results
In this section results from the shake flask cultures were compared with results 
from the bioreactor. At the same age and same size of inoculum, determined growth 
parameters from shake flask data (runs 4 and 6) were compared with those from the 
bioreactor (runs 7 and 8). These results are presented in Table 4.13.
Tab
....  .................... In shake flask culture In bioreactor culture
Parameters Run 4
Xo=1.0
Run 6 
Xo=8.9
Run 7
Xo=1.2
Run 8 
Xo=8.8
^  max (million cells/mi) 82.72 105 76.75 118.25
Time at X max (h) 38 17 26 17
Lag period (h) 7 2 - 4
P (if') 0.173 0.22 0.17 0.193
Ks 9.30 - 2.17 7.54
Pmax(h ') 0.124 - 0.145 0.4
Ix  (million cells/ml .h) 5.04 12.1 9.68 . 11.05
Yield (million cells/ml) 
per (g/I)
4.32 2.45 5.35
e 4.13: Comparison o f predictec kinetics parameters and estimated cinetics
parameters at different initial cell concentration in a bioreactor
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It can be seen from this table that, the Values obtained o f the maximum cell concentration 
from the bioreactor were relatively close to the maximum values obtained in shake flasks. 
The obtained values o f the kinetics parameters, p, pmax, Ks and yield were also relatively 
similar in both cultivation scales (shake flask and bioreactor). However the time 
necessary to achieve these maxima by using a bioreactor was significantly shorter than 
when shake flasks were used.
The results obtained in this table reveal that under the same conditions, growth in the 
bioreactor was faster than in the shalce flasks. It seems that mass transfer in the bioreactor 
improved growth because the culture was better mixed and oxygen was more readily 
available. This, study also shows that growth was limited by glucose in both cultivation 
scales and the specific growth rate in both shake flasks and in the bioreactor cultures in 
exponential phase was relatively constant.
In this study, the growth variables were compared in both cultivation scales. Data o f this 
comparison are presented in Table 4.14. First, by using and fitting the Monod model, the 
values of growth variables (Xmax and Smin) were predicted and compared. In this 
prediction, the estimated kinetics parameters from experiments (runs 4 and 7) were used. 
The growth variables obtained are presented in Table 4.14 (D‘ and 3^ *' columns).
Secondly, the growth variables were also predicted and compared for both cultivation 
scales by using the average kinetics parameters which had been obtained previously (see 
Figures 4.13 and 4.19). The growth variables obtained from these data are also presented in 
Table 4.14 (2"^ and 4^ ’^ columns). These results show similarity between growth variables 
in the shake flask and in the bioreactor. Thus, it seems that the selected Monod constants 
for the shake flasks and for the bioreactor are correctly determined.
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Parameters
In shake flask culture In bioreactor culture
R un 4
(Xo= 1.0x10® cells/ml)
R un  7
(Xo= 1.2x 10® cells/ml)
Kin. Par. 
from nm 4
From
average
Kin. Para, 
from run 7
From
average
X  niax (million cells/ml) 79.29 76.07 72.44 72.37
S mill (g/1) 0.01 0.96 0.07 0.29
Time at X max (h) 29 29 22 25
Ks(g/1) 2 1.5 2.60 2.14
Pm ax (h ') 0.190 0.184 0.25 0.214
Error (O ) 0.042 0.038 1.47 0.94
Yield (million cells/ml) 
I per (g/I)
3.90 3.67 3.5 3.5
Table 4.14: comparison of predicted growth parameters in shake flasks and in bioreactor
4,6: Overall discussion and conclusions
The experimental program was conducted in shake flasks and in a bioreactor. 
During these experiments (sixteen batches), cells exhibited a typical growth curve with 
all the expected growth periods. From the experimental program, it has been concluded 
that optimisation of batch cultivation of S.pombe in defined medium o f EMM2m was 
successful. From this study the standard growth conditions have been obtained. These 
experiments showed that S.pombe grows aerobically with glucose as the limiting 
substrate. Under the selected conditions, cell concentrations o f up to 160 million cells/ml 
(~ 16 g dry cells/1) could be obtained, this represents a 10 fold increase in initial cell 
concentration.
The microscopic observation shows the cell length was up to 22 micron which is in the 
range of cell size reported in cell line hand book (see Table 2.2 in chapter 2)
The data obtained were also used to determine the kinetic growth parameters for the 
system. These parameters were estimated for both shake flask experiments and in the
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bioreactor experiments. The data were also analysed to determine the Monod constants 
for each experiment. Finally, averag'e values were determined for shake flask and 
bioreactor growth parameters and Monod constants. These values are presented in Table 
4.15.
Param eter In  batch  sake flasks In  batch  bioreactor
Pmax (/h) 0.184 0.214
Ks ( g/1) 1.5 2.14
Yx/s (million cells/ml) 3.5 3.9
per (g glucose) ~ 0.35 g dry cells/g ~ 0.39 g dry cells/g
p (/h) at Exp. Phase 0.17 0.22
tci (h) at Exp. Phase 4 3
Table 4.15: Selected kinetics parameters o f S.pombe in batch culture
These parameters were used as a tool for specifying growth conditions. From this study 
18 h has been selected as the optimum cultivation period for batch culture with initial 
glucose concentration o f 2% (v/v). Under these growth conditions, cells grow aerobically 
to a concentration up to 140 million cells/ml in shake flasks and up to 160 million 
cells/ml in a bioreactor and there will be no residual glucose after this time.
Both set of experiments confirms that glucose was the limiting substrate. However, at the 
certain conditions some residual glucose was detected, indicating the presence of possible 
growth inhibitors.
The experimental results showed that by increasing the inoculum size, cell concentration 
increased significantly. Also the time necessary to reach the maximum cell number 
decreased. Furthermore specific growth rate increased with increasing inoculum size and 
with increasing initial glucose concentration. The optimum level o f inoculum size for this 
cultivation was found to be 10% (v/v) when cell concentration and cell growth rate are 
maximum.
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These experiments also prove that age o f  the inoculum, has a strong influence on the 
duration of the lag phase and on the tiine required to reach maximum cell concentration. 
From the results it can also be concluded that the lag phase can be reduced to half by 
using a young inoculum (see run 1,2 and run 10.11) and cell concentration can be 
enhanced two fold. Furthermore, the specific growth rate (p) and growth rate (r^) are also 
increased by reducing the inoculum age. Thus, using a younger inoculum gives rise to 
higher growth and higher glucose consumption rate which led to higher yields.
The literature survey reveals that this organism can use two metabolic pathways, one in 
which, glucose is converted to carbon dioxide and water and another in which glucose is 
converted to carbon dioxide and ethanol. This finding was investigated by analysing for 
ethanol, none was detected. This means that the yeast cells were respiring aerobically and 
not anaerobically. This study also confirmed that under the specified growth conditions 
the Crabtree effect did not occur over that the range o f glucose concentrations used.
The Monod model was fitted to the experimental data and satisfactorily fits were obtained 
lor all experiments. This model can also predict batch growth o f S.pombe under the given 
range of experimental conditions. The experimental batch results which are presented in 
this chapter, will be used in Chapter 6 to investigate repeated batch propagation under 
specified conditions. These conditions were determined when the batch growth kinetics 
study was initiated and the fundamental dependencies have been established. These 
conditions will also used in Chapter 5 for development of automated repeated batch 
system.
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5.1: Introduction
Basic elements of repeated batch cultivation have been discussed in Chapters 2 and
3. The principle o f this method is to grow a batch culture for a fixed period o f time, to 
harvest a known fraction o f this culture and then to dilute the remaining culture with an 
equivalent volume of fresh medium. This process is then repeated many times which is 
referred to as the number of cycles (or re-suspension number). In this study the fixed 
period is referred to as the dilution cycle time (DCT) and the fractional volume replaced 
is referred to as the harvest fraction (HF), although this is usually expressed as a 
percentage in this work.
These operating parameters (DCT, HF), once defined should be kept constant over all 
cycles. Even under such optimised growth conditions very small changes in these 
parameters may affect the cell response adversely (Faraday 1994) and they may also 
effect the cell productivity or process yield. In order to study the effect o f the variability 
in this parameters, it was necessary to conduct experiments over many batch cycles. To 
facilitate this it was necessary to develop an automated repeated batch system. This 
served two purposes, first, to keep all the operating conditions constant and second to 
ox ercome the difficulties inherent in running a large number o f cycles without making 
excessive demands on the operator and to ensure continuity of culture during unsociable 
hours. To attain the necessary level o f control, it was apparent that the construction o f an 
auxiliary controller incorporating multifunctional timers would be essential. The 
principles, specifications, and mode o f operating for this system are described in this 
chapter.
5.2: Principles o f the repeated batch operation system
The repeated batch operation was started after the introduction o f the inoculum into 
the bioreactor (to). The culture was then controlled under specific batch conditions for a 
specified period (DCT). After this time, a known fraction (depending on the experiment) 
o f the culture in the bioreactor was discharged to a kill tanlc (e.g. 1800 ml for 90% HF). 
Equivalent to the volume discharged, sterile fresh medium was then introduced from the 
feed tank.
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The second batch cycle was then started. This process was then repeated for the 
subsequent batches. Both dilution cycle time (DCT), and harvest fraction (HF) were kept 
constant during all batch cycles. In each repeated batch experiment, at least one sample 
was taken immediately at the end o f each cycle and another before the start o f a new 
batch cycle.
Using the automatic sampling system, it possible to collect samples at the end o f each 
cycle and at the beginning o f the next for up to four cycles. Samples between each cycle 
were taken manually at selected times (e.g. 3,6,9,12, or 15). A schematic diagram of the 
repeated batch test rig under automatic control is shown in Figure 5.2.
5.2.1; R equirem ents of the repeated batch system
As outlined in the introduction, in a repeated batch process all growth and operating 
parameters should kept constant. Also, it is necessary to maintain the sterility o f the 
s> stem over long periods. To maintain the cell environment, large volumes o f medum are 
required as well. These experiments should also involve frequent sample collecting over 
all the batch cycles. To meet these requirements, the repeated batch system must include:
" The facility to set operating parameter such HF or DCT.
= The automatic removal of the predefined fraction of culture and replacement with 
fresh medium.
® The capability to collect samples at the end o f each batch cycle and immediately after 
initiation o f the next cycle.
" Continuous online monitoring of the process parameters during repeated batch 
cultivation.
To meet these requirements, the Automated Feeding, Sampling and M onitoring system 
(.A.FSM) was developed at the University o f Surrey. This system was completed in two 
stages. In the first stage, an automatic feeding unit was developed to meet the first three 
requirements listed above. For subsequent requirements, the automatic sampling unit was 
dev eloped. The monitoring unit was also used for on-line process monitoring and control. 
The main components of this system and its applications, and some considerations for 
operating will be described in following sections
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5.3: Specification of automatic feeding, sampling and m onitoring system
This system consists of three units, each o f which can be used individually or in 
association with the others. These units are: a- Bioreactor control and monitoring unit, b- 
Automatic feeding unit, c-Automatic sampling unit.
5.3.1: B ioreactor control and m onitoring unit
This unit consists o f two parts. Control o f bioreactor parameters such as 
temperature, pH, stirrer speed and dissolved oxygen was achieved using the Biosolo 
(Brighton Systems Ltd.). In this study, the Biosolo was used to maintain constant 
temperature during each batch. The second part is a computer program (Bioman) which 
was designed for monitoring the bioreactor on line. The airflow rate was set manually. 
Temperature and pH were continually monitored by using the Bioman. The experimental 
results in the previous chapter showed that under the experimental conditions described 
the cultivation process was hilly aerobic.
In this process pH was not controlled in any batch cycle. Because cell concentrations may 
change from cycle to cycle the consumption o f nutrients by cells will not be the same 
over batch cycles. Thus, because the requirement for constant pH would result of 
different volumes o f alkali being added for different cycles,* the composition o f the 
medium would be vary. Therefore, it was considered more advantageous to keep the 
medium composition constant by not compensating for changes in pH.
A schematic diagram of this system showing all electrical circuit comiections between the 
main elements (as green dashed lines) is presented in Figure 5.3. The process of 
monitoring and control of bioreactor in this unit was started by connecting the bioreactor 
probes (pH and temperature) into the Biosolo control panel. These parameters then were 
set on the control panel. Aher this the measured variables were logged on the computer 
using Bioman software. The initiation time o f repeated batch experiments was set up 
using the Bioman program. This time was registered as the start o f first batch time (to).
5,3.2: The autom atic feeding unit
This unit was designed to establish periodic feeding by the removal o f a known 
fraction of culture and replacing it with fresh medium. In principle, this system was able 
to control the harvest fraction of the repeated batch experiment indefinitely. A schematic
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diagram of this unit with all its flow lines between main elements (as blue lines) is 
presented in Figure 5.2 (page 115). This unit consists of:
1. A programmable timer (Timer 1 as shown in Figure 5.3 in page 116), which can 
switch on the pump, switch off the heater, energise the solenoid valve and reverse the 
pump direction.
2. A programmable timer (Timer 2 as shown in Figure 5.3), which can generate enough 
time to collect the sample before and after harvesting. The total pumping time and the 
time to switch on the Timer 1, stop the pump at the higher and at the lower liquid 
level were also controlled by this timer.
3. .A peristaltic pump (pump 1), which was used for collecting the harvest fraction and 
replacing it with fresh medium.
4. A solenoid valve (valve 1), which was used for switching the stream between the kill 
tank and the feed thank.
5. A conductivity level controller, which was used to control the HF.
6. A heater controller, which used to avoid burning out the heater during harvesting 
period.
7. A medium tank and a kill tank.
5.3.2.1 : The autom atic feeding process
The schematic diagram of this unit with its all circuit comiections between elements 
(as blue dashed lines) is illustrated in Figure 5.3. DCT was measured by Timer 3 . At the 
end of this period (e.g. 18 hours) a signal (signal A) from Timer 3 was sent to the Timer 2 
to switch on its clock. This clock worked until the set point was reached. At this point 
signal B from Timer 2 was sent to operate Timer 1. In response, two signals (signals C 
and D) were sent from Timer 1. The bioreactor’s heating system was disconnected by 
signal C. Signal D (two minutes later) switched on the pump 1 to discharge a known 
fraction o f culture medium. At the lower liquid level, a level controller sent signal E to 
the Timer 1 to stop the pump for 30 seconds. This signal was sent to Timer 1 via Timer 2.
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After the pump stopped, three signals (F, G and H) were sent by Timer 1. The first (signal 
F) was sent to energise the solenoid valve (to alter the direction o f flow o f the liquid) and 
signal G was sent to reverse the pump. Immediately after this signal H was sent to the 
pump to run pump in this direction (reverse). Now fresh medium was fed to the 
bioreactor passing tlu*ough the energised solenoid valve.
The pump did not stop until the liquid level in the bioreactor reached the higher level 
(signal I). At this level the first cycle was terminated. To start the new cycle, three more 
signals (.1, K, L) were sent from Timer 1. Signal J was sent to switch on the heater 
controller to heat up the bioreactor and signal K  was sent to de-energise the solenoid 
valve and alter the direction o f flow. Finally, signal L was sent to switch off the pump 
and to reverse the direction o f flow.
It was necessary to allocate enough time for taking a second sample. During this period 
Timer 2 was switched on automatically (end o f  2”*^ set point) to create enough time to 
take this sample. After this Timer 2 was reset to zero by signal M from Timer 3. Timer 2 
was switched off immediately after this signal for the whole period o f DCT. This process 
was then repeated for subsequent cycles.
5.3.3: The autom atic sam pling un it
This unit was developed for collecting samples immediately before and after
harvesting for up to 4 cycles. In this unit, the duration of the dilution cycle time (DCT), 
and sample collecting periods could be selected easily by setting the timer set points. 
Once the unit was tested, samples (up to 8) were taken automatically and stored in the 
refrigerator for further analysis. Furthermore, this system was designed to auto de­
activate after the collection o f the last sample (8^’^ sample tube). This minimised the risk 
o f any sample mixing or overloading. A schematic diagram of this unit with all flow lines 
between main elements is shown (as red lines) is presented in Figure 5.2 and electric 
connection between main elements is shown (as red dashed lines) in Figure 5.3.
This unit consists of:
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. A programmable timer (Timer 3), which was used to control DCT, the duration o f the 
sampling periods, the duration o f the stream wash out and the control of all sample
collecting events.
2. A solenoid valve (valve 2), which was used for switching from the wash out stream to 
the sample stream.
3. A peristaltic pump (pump 2), which was used for collecting the samples.
4. An automatic fraction collector with micro-switches which was used for collecting 
samples.
5. A refrigerator which was used to cool down all the samples taken.
6 . Wash-out collecting bottle.
5.3.3.1: The autom atic sam pling process
The process o f auto sampling was carried out when all filled sample tubes were 
replaced by new tubes and the timer clock was then switched on manually. A schematic 
circuit diagram of this unit is presented at Figures 5.3 (as red dashed lines).
DCT was selected by setting the D' set point on Timer 3. Immediately after bioreactor 
inoculation the auto sampling process was started by switching on this timer. During this 
period, (T?) the first batch cultivation was carried out. The sample collecting period (Tg) 
was then initiated by sending signal N  from Timer 3 to the sampling pump (pump 2). 
During this period, (Tg) the pump was energised twice (T9 , Tio). At each interval (T9 , 
Tin), the pump was also run twice (T 12, T 13, T # , T 15). During the first interval (T9) the 
pump was run for periods o f 4 (T 12) and 1.5 (T 13) minutes. Both these periods had been 
set internally. At the first period (T 12), the pump was started sending a stream into the 
wash out collecting bottle. To have good samples it was necessary to wash out the 
bioreactor sample line completely. The pump then stopped for 30 seconds. During this 
period two signals, (O and P) were sent from the Timer 3. Signal O was sent to energise 
the solenoid valve 2  to alter the direction of flow from the wash out line to the sample 
collector. Signal P was used to operate the pump again for 1.5 minutes (T13). This period
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was enough to fill the sample tube. After this period pump 2 was switched off for a 
specified period (Tn). Signal Q from Timer 3 was then sent to switch on the sampling 
collector motor for a few seconds. This was enough to rotate sampling collector disc 
(stand) clockwise until the next empty tube was placed under the solenoid valve port (end 
o f sampling period).
This period (Tn) was allocated for harvesting the culture and replacing with fresh 
medium. After dilution o f the culture and at the beginning of the new cycle, a second 
sample was taken similar to the first by signals R, S and T. Immediately after the 2"^ 
sample signal U was sent to switch off Timer 2, the next cycle then was started. The 
clock on Timer 3 was then initiated to measure the next DCT period. This procedure was 
then repeated for three more subsequent cycles. Timer 3 was then deactivated at the end 
o f the 4^ '’ cycle. Signal V, from the collector micro switch was sent to deactivate the clock 
on Timer 3.
5.3.4: The integrated system
The feeding, sampling and monitoring units which were described individually in 
the previous section are a signal integrated system, this system was able to operate for as 
many batch cycles as was needed. Any value o f dilution cycle time up to 100 hours and 
any value o f harvest fraction was achievable. Once this system was set up its reliability 
and flexibility was such that it could be run repeatedly for weeks without continuous 
supervision.
The selection o f the operating parameters such as timer set points, and the duration o f all 
cyclic events (e.g. pumps, solenoids, etc) for this system depended on experimental 
conditions. To ensure that these specifications were met, the system was tested using 
water before any experiments were carried out.
Generally, each cycle was started at To and terminated shortly after the last cycle (e.g. 28 
minutes). This extra time was used for sample collection before and after harvesting, 
removing the culture and diluting o f the remaining culture with the fresh medium. During 
this period operation o f the pumps, the solenoid valves, the level and the heater 
controllers was controlled by timers. For providing this, a series o f periodic events using 
both timers was needed. These periodic events were repeated depending upon the
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experiments and the number o f cycles required. For each timer, these evens are named 
and illustrated in the Figure 5.1.
These periodic events (periods) are:
T 1 : Period which clock on the Timer 2 is switched off
T]: Delay before switching off the heating system (as set point 1 on Timer 2)
T]: Total operating period of pump 1 (as set point 2 on Timer 2)
Ta: Delay for collecting 2"^ sample after cultui'e dilution
T<: Pumping out period at the end o f each cycle (as one part o f Tg)
Tg: Pumping period for discharging of fresh medium (as one part of Tg)
T?: DCT (as set point 1 on the Timer 3)
Tg: Total sample collecting period (as set point 2 on sampling timer)
Tg: Period for collecting o f sample before harvesting (as one part o f Tg)
T h)
T,,
T,2
T3
T,4
T,5
Period for collecting o f 2"  ^sample after dilution (as one part o f Tg) 
Interval between and 2"*^  sample collecting periods 
Washing out period before collecting the (as one part o f Tg)
Period for filling the sample tube before dilution (as one part o f Tg) 
Washing out period before collecting the 2"^ sample (as one part o f Tio) 
Period for filling the 2"  ^sample tube after dilution (as one part o f Tio)
.All the events described above for repeated batch experiments operated with 18 hours 
DCT and 80% HF are represented in Table 5.1 as an example.
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Figure 5.1: Graphical presentation o f periodic events on automatic repeated batch
system: The signals with means receive by and signals with means sent by
T i T z T 3 T 4 T s T 6 T t T s
18 hr 8 min 13.5 min 6 min 6.5 min 6.5 min 18hr 28 min
T 9 T i o T i l T i 2 T i 3 T i 4 T i 5
16mm 6 min 6 min 4 min 1.5 min 4 min 1.5 min
Table 5.1: Periodic events for setting o f the repeated batch system at DCT =18 hr and 
HF=80%
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5.4: The system instruments
5.4.1: Non-digital programmable feeding timer (Timer 1)
This timer was used to establish periodic harvesting o f the culture and replacement 
by fresh medium to the same volume. This timer (Figure 5.4) consists of three 
multifunction timers and two electronic delays. This combination was capable of carrying 
out and controlling all the required actions. On this timer, the duration the functions was 
programmed manually and the stage o f  each function on this timer was identified by LED 
indicators (Light-Emitting-Diodes). This timer was able to;
■ Disconnect the bioreactor heating system before harvesting.
■ Switch on/off the pump during the HF replacement.
■ Energise the solenoid valve for altering the direction of flow.
■ Reverse the pump direction for the medium replacement.
© © o © ©
Timer LED Heater o ff Pump on Solenoid Reverse pump
O j  Connect ( 2 )  connect 
( 2 )  Discon
( 2 )  connect 
2 )  DisconDiscon
Timer 2 Pump solenoid Heater Pump I
Figure 5.4: programmable feeding timer (Timer 1) and its connections
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5.4.2: Programmable feeding timer (Timer 2)
This timer (Figure 5.5) is the second part of the automatic feeding unit and was 
used to control the duration o f the pumping and heating-off periods. This consisted of a 
programmable multifunction timer and was able to control the periodic events outlined 
previously (see Section 5.3.4 on page 113). On this timer, values of the set points (Spl, 
Sp2) and the duration the functions was programmed manually. This timer fulfilled the 
following functions:
Maintain the heating system during each cycle.
Create sufficient time for the sampling timer to take a sample at the end o f the cycle. 
Energise the non-programmable timer for HF replacement.
Transmit the level controller signals to the non programmable timer (Timer 1).
Create sufficient time for the sampling timer to take a sample at the beginning of the 
new cycle.
Start a new cycle by de energising the non programmable timer.
To Timer 3 hr
^  min a
To Timer 1 To level controller
Figure 5.5: Programmable feeding timer (Timer 2) and its connections
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5.4.3: Programmable sampling timer (Timer 3)
This timer was used to establish periodic sampling by switching on the automatic 
sampling components Pump 2, the fraction collector motor and the solenoid valve. This 
timer (Figure 5.6) consists of a digital timer, two non-digital multifunction timers and two 
electronic delays. The stage of each function was identified by LED indicators and 
duration of the functions on this timer was programmed manually. This timer was able to 
achieve the following functions:
Alter the duration o f the DCT.
Deactivate the clock on the feeding timer.
Energise the sampling pump before and after HF replacement. 
Energise the solenoid valve.
Energise the fraction collector motor after taking each sample. 
Create sufficient time for the feeding timer to replace the HF. 
Deactivate the sample collector after the end of the cycle. 
Re-energise the sampling timer to start the new cycle.
To Micro switch 
 ►
To Solenoid 
—►
To Timer 2 
 ►
To Pump 2 
 ►
Timer on
☆  Wash out 
tôt Sampling
'A' Solenoid on
17 .59 s .p .  1^ ® ^  J
Prg-
Rotator Clock off
( ÿ ) Clock on MA
I
Ns
Figure 5.6: Programmable sampling timer (Timer 3) and its connections
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5.4.4: The sample fraction collector
The sample collector (Figure 5.7) was designed to collect samples at the end and at 
the beginning of each cycle. This collector consisted of three aluminium discs on top o f 
each other. A solenoid valve was attached to the top disc. In the middle disc, spaces were 
provided to accommodate eight sample tubes. The combination o f tubes and the stand, 
together with the lower disc, was rotated clockwise by switching on the fraction collector 
motor and was stopped by a roller micro switch. To reduce the risk o f contamination 
samples tubes were covered by a rubber sheet. Also, the fraction collector was fitted 
inside a refrigerator which was provided to keep all samples cold. A schematic side and 
plan views of this instrument are shown below.
Solenoid valve
Sample collector discs
Sample tubes
Gear and Motor
Roller micro switch Reflective photo micro switch
Plan view Side elevation
Figure 5.7: Schematic diagram of fraction collector
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5.4.5: The level controller
This level controller relied on the basis o f  the electrolyte conductivity o f  the liquid 
culture. In this controller any harvest fraction was achievable by adjusting the height o f 
the tip of the lower level electrode. This controller (Figure 5.8) consisted o f  a conductive 
level controller which has two point level controls. The relay inside the controller was de­
energised when the liquid level in the bioreactor dropped below the low level electrode 
and was energised when the level reached the higher level electrode. Because this 
controller was connected to Timer 2 or indirectly to Timer 1, this energising or de- 
energising of the relay could be used to determine the HF.
High level LED
Lower level LED
r-------------------  -------------- , -----
Conductive level
contrôler ----- ►
•
Lower electrode (Black) Higher electrode (red) Earth electrode (green)
Figure 5.8: Level control box and its connections
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5.4.6: The heater controller
This controller was designed to avoid the burning out o f the heater in the partially 
empty bioreactor. This was accomplished by switching off the heater before harvesting 
(pumping out) and switching on again immediately after dilution. This controller contains 
a relay that could be energised by receiving a signal from the feeding timer (Timer 1). 
When this relay was energised the connection between the control panel and the heater 
was disconnected. This link was re-connected by the second signal from Timer 1 to de- 
energise the relay. A continuous illumination o f the LED on this controller indicated the 
length of time that the energised relay and therefore the heater was off. An intermittent 
illumination (flashing) of the LED indicated the length o f time that the heater was on.
4 To Control panel
Heating on LED
Heater element 
connection
To Timer 1
Figure 5.9: Heater controller and its connections
5.4.7: The solenoid valve
Two three-way direct-acting solenoid valves (supplied by RS Products) were used 
for handling the culture media in repeated batch experiments. The schematic diagram of 
these valves and their circuit function diagrams are shown (Figure 5.10). As shown in this 
diagram, the bioreactor was connected to one solenoid valve (Solenoid 1) by outlet A. 
Outlet R in the valve was connected to the kill tanlc while outlet P was connected to the
1 2 2
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feed tank. When this was de-energised as shown on this diagram (bottom left), the 
bioreactor vent was normally connected to the kill tank (outlet R). When this solenoid 
was energised (bottom right) the port R (kill tank comiection) was closed and outlet P 
(connection to medium feed tanlc) was connected to outlet A (bioreactor). When the valve 
was energised again the port P was closed and allowed the output A (bioreactor) through 
the port R (kill tanlc). This type o f configuration helped to reduce the risk of 
contamination of the feed tank by passage o f the cells from the bioreactor to the feed 
tank.
To kill tank
To Timer I
From /To bioreactor From feed tanlc
A
De energised Valve
p A
R
----------► p
Energised Valve
Figure 5.10: Schematic diagiam o f solenoid valve and its connections
5.4.8: The peristaltic pum ps
For transferring culture to/from the bioreactor a peristaltic pump (Pum pl) Model 
501U supplied by Watson-Marlow was used (170 ipm  at 100% speed). This pump was 
capable of operating in manual or automatic mode. In the auto feeding system this pump
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was programmed under automatic mode. Pump 2 was also programmed in automatic 
mode for collecting samples. This pump was connected to Timer 3.
5.4.9: Micro switches
In the sampling system two type o f micro switches were used. A roller micro 
switch (supplied by RS Products) was used to stop the rotation of the sampling stand 
when this was needed. This switch allowed the lower sampling disc to advance only one 
space. A diffuse reflective photo switch (supplied by RS Products) was used to prevent 
further rotation o f this disc when 8 samples had been collected. When a small reflective 
surface attached to the lower disc next to the 8^ ’^ hole became aligned with the photo 
switch the switch was energised. A signal then sent to Timer 3 to deactivate the clock 
until all the sample tubes next replaced by the operator, (see Figure 5.7)
5.5: Testing of the AFSM
To ensure that the automatic feeding and the automatic sampling units were 
working properly and to confirm that integration o f these two procedures had been 
achieved, the system was tested using water. This process guaranteed that samples were 
being taken at the correct time and that harvesting stage had not started before collection 
of the samples. To achieve agreement between the sampling operation and the feeding 
operation this process was repeated many times.
This process was necessary for each set o f experiments and included programming of the 
timers, adjusting the pump speed and calibrating level controller. In this process the 
evaluation of the time required for pumping out and pumping at specific pump speeds 
was also necessary. The results o f this evaluation o f the pump were that 90% harvest 
fraction (HF) could be removed in 12-14 minutes by using 60% of maximum the pump 
speed level (170 rpm).
To save experimental time during this process the minimum DCT (1 hour) was selected. 
To confirm that the system would run for longer periods the AFSM was operated 
overnight. This process included;
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■ Selection o f the HF value by adjusting the position of the lower level control 
electrode.
Determination o f the total pumping periods during the harvest and replacement o f 
medium.
■ Selection o f the DCT by altering sampling set point (1 hour).
■ Adjusting the set points on the automatic feeding timer (Timer 2) and operating Tor 2 
cycles.
“ Determination o f the total pumping periods during sample collection.
" Running the automatic feeding unit when the sampling pump was switched off.
Adjusting the set points on the automatic sampling timer (Timer 3).
" Running the sampling and feeding units together for four cycles.
■ Increasing the DCT (e.g 3 hour) and running the system whilst monitoring the 
process variables o f the bioreactor.
" Adjusting the final set point corrections and running the system overnight.
“ Recording the details o f the trials and selecting the DCT value for experiment.
5.6: Discussion
As mentioned in the introduction, it was necessary to investigate repeated batch 
cultivation over many cycles. To achieve this objective it was necessary to develop a 
reliable and automated system. The system developed here aims to provide a precise tool 
to control DCT and HF to study the variability in cell concentration observed in many 
batch operations.
To meet these demands, an automated periodic feeding system was the first requirement. 
To achieve this, a device for selecting the DCT and a device for extracting the HF and 
replacing it was devised. To have constant HF over all the batches cycles, an instrument 
to remove and replace the HF to the same volume was critically important. To build this 
dex’ise accurately, different instruments such as a simple timer for controlling the duration 
o f pumping, a pressure transducer for measuring culture volume and finally a conductive 
liquid level controller were used.
It did not prove possible to use a simple timer for measuring the pumping periods during 
the HF replacement because, variations were seen in the volumes discharged and replaced
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for the same timing. This was due to variation in the static pressure in the feed tanlc and in 
the kill tank. Thus the volumes varied from cycle to cycle. While calibration o f the 
pumping period with water showed that the pressure transducer was a very accurate tool 
to control HF, deposition of cells inside the device during the growth period made this 
device unsuitable for the task o f delivering reproducible volumes.
Thus, a level controller was selected to ensure reproducibility o f the fraction harvested 
and replaced. This device proved extremely reliable and enabled the experiments to be 
carried out with confidence with respect to the reproducibility of the volume o f the HF 
removed and replaced. However, the generation of foam inside the bioreactor threatened 
to reduce the accuracy of the system. This problem was solved by introducing antifoam 
into the bioreactor. It was then necessary to be able to carry out many cycles o f HF 
removal and replacement. This led to the building of a non programmable feeding timer 
(Timer 1). This system also had to be integrated with other facilities for controlling the 
bioreactor during each cycle and repeated over many cycles. This was achieved by 
building a programmable feeding timer (Timer 2) and the heater controller.
The second requirement was to have an automatic sampling system. The building o f this 
system enabled the samples to be collected at the end o f batch cycle and immediately at 
the beginning of the next cycle. This led to building a sampling timer (Timer 3) and the 
sample fraction collector. At first, the value of the DCT was measured by the sampling 
and the feeding timers individually. There were some discrepancies in the timing o f these 
two systems due to the different demands made o f the two timers. This caused inadequate 
timing and poor quality o f the samples due to difference of the timer clocks. It was 
necessary to interrupt the DCT to allow enough time for two samples to be collected. 
Timer I under the control of Timer 3 was programmed to be switched off whilst the 
samples were collected. These timings were controlled by Timer 3 itself.
Also, since the removal o f the HF exposed the heater and could lead to damage o f the 
heater or the culture it was necessary to turn off the heater during these manipulations and 
to turn it on again before the run could continue. To solve this problem, timer 1 was 
modified by the insertion o f a relay and was connected to the heater. This device 
generated two intervals i), when timing of the batch was suspended to allow cooling 
down and ii), when heating was restored before batch was re-started.
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To solve the problem o f collecting the samples aseptically for further o ffline  analysis, all 
the sampling components were mounted inside a refrigerator. This reduced the risk o f 
contamination and the samples were also kept cold to avoid further glucose utilisation by 
the cells. To operate such a complex system adequate testing had to be carried out. This 
testing had to be repeated many times for each set of experiments. Selecting set points 
for the timers, adjusting level control electrodes and altering pump speeds were such 
necessary actions for such testing. However the tests revealed some small problems such 
as:
® A reduction in the temperature of the bioreactor culture about 3-4  ^ C during the 
period when the heater was switched off and the HF was replaced.
" Generation of foam in the bioreactor during growth could not be prevented by the 
continuous addition o f antifoam to the bioreactor because it may have affected the pH 
of the medium.
® Storing samples in the fraction collector did not ensure that no further metabolism 
occurred and could have affected the results for further offline analysis.
With regard to the drop in temperature during FIF replacement it was considered that the 
time interval was sufficiently short that the overall batch was not affected and if  the fresh 
medium were preheated damage would have been done to the ingredients by holding the 
medium at 30  ^C for 200 hours. Also the risk of medium contamination would have been 
high. To counteract the foam that was generated antifoam was added to the medium 
which did not affect the pH because o f the dilution. To ensure that samples were stored 
for as little time as possible, offline analyses were carried out the next day.
Thus, the aims listed above have been achieved by :
■ The development o f an automatic feeding, sampling and monitoring system (AFSM).
■ The provision o f constant experimental conditions over all batch cycles.
® The provision o f controlled growth conditions during each experiment.
This system proved flexible and reliable enough to select any value o f DCT or any value 
o f FIF to carry out repeated batch culture for any time limit and any number o f  cycles.
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6.1 “ In tr o d u ctio n
Increase of process performance in terms o f biomass production per cycle or yield, by 
using repeated batch culture has been reported by many investigators (see chapter 2). It has 
been reported that process performance is effected by variation in the initial growth
conditions, typically nutrient levels. (Kamoshita 1993, Kannan 1998, watanabe 1989)- However, 
the effect of repeated batch operating parameters on process perfonnance has also been 
studied theoretically as well (Faraday & Kirkby 1994, Shimizu 1984). This chapter focuses on the 
effect of the operating parameters, DCT and HF on process perfoimance. The variation of 
growth variables from cycle to cycle will also be considered.
The main objective of this chapter is to show that repeated batch cultivation can be used for 
improving process performance by only changing the operating parameters and by keeping 
the other growth conditions constant. To achieve this, operating parameters which have been 
identified as being vital (see chapter 2) for increasing biomass production per cycle and 
yield, were studied. The process stability in terms o f variation in biomass production per 
cycle, was also investigated. In combination, this will help define the -optimum operating 
parameters required. This data is also useful in the development o f a specific cell cycle 
model of S.pombe, as cycle to cycle variation provides useful information about cell 
population dynamics. In a related project, this data was used in such a model to simulate 
growth and predict performance in repeated batch operation. Such a model could be abvious 
in certain process control strategies.
To achieve this objective, experiments were conducted under different operating parameters 
of DCT and HF. First, repeated batch experiments were conducted in shake flasks. These 
preliminary experiments confirmed that cells could be successfully re-suspended in fresh 
medium and that they could be maintained over at least five cycles. Subsequently, repeated 
batch cultivation was carried out in a bioreactor, in a controlled environment, thus 
maintaining constant growth conditions from cycle to cycle. The bioreactor was connected to 
an automatic feeding and sampling system which was developed for this study in order to 
conduct repeated batch experiments over more than 20 cycles (see chapter 5); this is 
described in detailed chapter 5.
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In the present chapter, experimental data obtained for repeated batch experiments conducted 
in shake flasks and in the bioreactor is presented. This data highlights the response o f cells to 
this cyclic propagation method. Conclusions are then drawn with respect to the effect o f 
varying DCT and HF on growth variables such as final cell concentration and final glucose 
concentration.
6.2 - Experiment program
Table 6.1 illustrates the experimental program, which was prepared for the study o f 
repeated batch operation. This table shows the repeated batch experiments were carried out 
in shake flasks and in a bioreactor. Preliminaiy repeated batch cultivation in shake flasks 
was conducted to investigate how the culture would respond to being suspended in fresh 
medium, repeatedly, under constant growth conditions and to determine the influence o f 
DCT and HF on this system.
For the repeated batch experiments in shake flasks, each experiment was conducted with a 
100 ml culture in a 250 ml flask and was run for five cycles whit each experiments being 
duplicated (flask 1 and flask2). Measured values from the duplicated experiments were used 
as the lower and upper values for each experiment. An average value between these was 
determined and presented as a single data point for each experiment. Thus, the associated 
error bar for each single data point shows the upper and lower values in the duplicated 
experiments. In this study, measurement of cell and glucose concentration for each sample 
taken was also repeated twice. An average was determined and presented as single measured 
value with associated error bars determined as above.
The repeated batch experiments the bioreactor were conducted in 21 cultures in a 31 vessel 
for at least 20 cycles. Growth variables, such as initial and final cell concentration and initial 
and final glucose concentration were determined. These variables were used to investigate 
operational performance and to study process kinetics. The effect o f different values o f HF 
and DCT on these variables was also evaluated.
Four repeated batch cultivations were carried out in the shake flasks (runs 17, 18, 19, 20). 
Growth conditions in these experiments were determined from the data obtained previously
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for batcli growth in shake flask cultures. The medium was 2% glucose and was inoculated 
with an inoculum between o f 1.4 and 1.7x10^ cells/ml. These experiments were conducted at 
constant DCT (18 hours) and at the different HF o f 80% (runs 17,18) and 90% (runs 19,20). 
Seven repeated batch experiments were carried out in the bioreactor (runs 21 - 28) at 
different DCT and HF values (see Table 6.1). As with the shake flask experiments, the 
medium was 2% glucose and was inoculated between 12.2-22 million cells/ml.
6.2.1; S tudy definitions
It is essential to define the variables and kinetics parameters which are used in this 
study. The initial cell concentration and initial glucose concentration are defined as the 
values which are obtained immediately at the begiiming o f each cycle. The final cell 
concentration and final glucose concentration are defined as the values which are obtained at 
the end o f each cycle (i.e. before starting the next cycle). Definitions of the operating 
parameters, DCT, HF and re-suspension number have been presented previously (see chapter 
2).
In this study, the true (observed) cell yield coefficient (Yx/s) for each cycle was defined as 
Ax/As. where Ax is the difference between the final and initial cell concentrations over a 
cycle and As is the difference between the initial and final glucose concentration over the 
same cycle. The average yield coefficient is defined as the sum o f all yield coefficients 
divided by a number o f cycles
The cell biomass production per cycle (P^) was defined as Ax/At, where Ax is the difference 
between the final and initial cell concentrations for a single cycle and At is DCT. The 
average biomass production per cycle is the sum o f the biomass production for all cycles 
divided by number of cycles (f^,. = (EP^.)/u).
The percentage of glucose consumed over each batch cycle is defined as As/Sj, where As is 
the difference between the final and initial glucose concentration for each batch cycle and S, 
is the initial glucose concentration for that cycle. The average is determined as for other 
parameters, see above.
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Repeated Batch 
culture in
HF DCT Re-suspension
Number
Initial cell concentration 
M illion cells/m l
Address
Shake flasks 80% 18h 5 1.65 (run 17) Figure 6.1
Shake flasks 80% 18 h 5 1.75 (run 18)
Shake flasks 90% 18 h 5 1.40 (run 19) Figure 6.2
Shake flasks 90% 18h 5 1.45 (run 20)
Bioreactor 90% 18 h 9 19.8 (run 22) Figure 6.5
Bioreactor 90% 18h 20 12.2 (run 23) Figure 6.6
Bioreactor 80% 18h 20 21 (run 24) Figure 6.7
Bioreactor 80% 18 h 8 17.5 (run 25) Figure 6.8
Bio reactor 80% 12 h 20 22 (run 26) Figure 6.9
Bioreactor 80% 12 h 18 20 (run 27) Figure 6.10
Table 6.1 : Experimental program o f repeated batch processes.
6.3 -  Repeated batch cultivation in shake flasks
Experimental results o f aerobic repeated batch cultivation in shake flasks are shown in 
Figures 6.1 - 6.2. In this study, four experiments were performed with HF o f 80% (runs 
17.18) and 90% (runs 19,20) and DCT of 18 hours. Re-suspension number for each 
experiment was five (N=5). Each experiment was duplicated and samples were taken at 
regular intervals before and after each cycle. Raw experimental data for these experiments 
are presented in the Appendix (Tables o f A6.1 to A6.2). These experiments were carried out 
with inoculum size o f 1.4-1.75x10*^ cells /ml. In all batch cycles fresh medium with 2% 
glucose was used. Other growth conditions were similar to batch shake flasks cultivation 
which has been described in chapter 3.
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Figure 6.1 : Cell and glucose concentration data from a repeated batch cycle over 5 
batch cycles (runs 17,18) in shake flask with 80% HF and 18 h DCT
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Figure 6.2: Cell and glucose concentration data from a repeated batch cycle over 5 cycles 
(runs 19,20) in shake flask with 90% HF and DCT= 18 hours
A typical profile for a repeated batch experiment in shake flask culture with a HF 80 % is 
presented in Figure 6.1 It is clear that repeatable results were obtained in each run (17,and 
18). However, it is also clear that the initial and final cell concentrations at the selected DCT 
and HF increased from cycle to cycle. For instance, the final cell concentration increased 
from 15.5±1.5x10^’ cells /ml in the cycle to 51.7±lxl0^ cells /ml in the 5^*’ cycle. There
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was a corresponding decrease in the final glucose concentration. A typical profile for a 
repeated batch experiment in shake flask cultures with a HF o f 90% is presented in Figure
6.2. As at 80%, it is clear that repeatable results have been also obtained for each run 
(19,20). However, in this case the initial and final cell and glucose concentrations at the 
selected DCT and HF were consistent from cycle to cycle. Results o f the final cell and final 
glucose concentrations for all batch cycles are presented in the Appendix (see Table A6.3). 
Average final values for each experiment have been determined and are presented in Figure
6.3. A comparison of the average final values for each experiment are presented in Figure
6.3.
X a v e . ( 9 0 %  , r u n s  1 9 , 2 0 )  
X a v e . ( 8 0 %  . r u n s  1 7 , 1 8 )
2 3 4
r e s u s p e n s i o n  n u m  b e r
Figure 6.3: Comparison final cell and final glucose concentrations during five repeated batch 
cycles at different HF
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Figure 6.3 shows the average values of final cell and final glucose concentrations for each 
experiment. It is clear that obtained results o f the final cell and final glucose concentrations 
in the experiments with 90% HF (runs 19,20), are more consistent than in experiments with 
80% HF (runs 17,18).
Average value of these variables are determined and presented in Appendix (see Table 
A6.3). These results show that average values o f final cell concentration in the experiments 
with 90% HF (22.8+3.2x10^ cells /ml) is lower than in the experiments with 80% HF 
(29.3+22.5x10^ cells /ml). However, average used glucose in experiments with 80% HF 
(79.5±0.6%) was less than in experiments with 90% HF (84.5+0.7%). It can be found that 
(see Figure 6.1) only 75% of available glucose (16 g/1) used by cells over the first two cycles 
and most of the glucose used by cells after these cycles. This finding was not observed in the 
experiments with 90% HF due to consistent values o f the final cell concentration over batch 
cycles.
Variation in the final cell and final glucose concentrations from the average value in all 
experiments was obtained. The values of this variation are determined and presented in the 
Appendix (Tables A6.3 and A6.4). These tables highlight that variation in experiments with 
90% HF was lower than 80%. For instance, the average final value o f glucose concentration 
at 90% HF varied by about 9% (2.75+0.3 g/1) while this value for 80% varied by 33% 
(3.2+i.l g/T). The average value of final cell concentration in experiments with 90% HF 
varied about 14%. while this value at experiments with 80% HF varied by 77%. These 
results show that stability of experiments with 90% HF is higher than experiments with 80% 
HF.
6.3.1: Kinetics analysis in shake flasks results
In this section the effect of different HF on kinetics parameters such as percentage of 
glucose used, true yield coefficient and cell biomass production per cycle (P) is presented. 
The evaluated kinetic parameters for all experiments are presented in the Appendix (see 
Table A6.3). The average values of the kinetic parameters at different HF are presented in 
Table 6.2 and are illustrated in Figure 6.4.
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Kinetics parameter average
80%  haiw est fraction (HF) 90%  hard est fraction (HF)
R un 17 R un 18 R un 19 Run 20
Xo = 1.65 X o =  1.65 Xo = 1.65 X o= 1 .65
Final cell conc. (millions cells/ml) 29.75±23 28.86+22 21.46+5.5 24.14+5.4
Final glucose conc. (g/1) 3.11+1.4 3.3+0.70 2.57+0.62 2.95+0.66
% glucose used 80.19±8.6 78.81±4.95 85.75+3.0 83.1+5.4
Yield (million cells/ml) per (g/1) 1.96±1.5 2.02+1.67 1.29+0.21 1.45+0.16
Biomass production per cycle 
(millions cells/ml.h)
4.99+4 4.91+4 1.11+0.30 1.19+0.3
Table 6.2: Effect o f HF on variation o f kinetics parameters
As seen pre\ iously, in this data the average values o f final cell and final glucose 
concentration at 80% HF are higher than at 90% HF. The average values of yield and 
biomass production per cycle at 80% HF are also higher than at 90% HF. However, the 
percentage of glucose used at 80% HF is lower than at 90% HF. The comparison of the yield 
reveals a 45% increase when HF is reduced from 90% to 80%, while the biomass production 
per cycle increases more than four fold
6.3.2: Com parison of batch and  repeated  batch  cultivations
In Table 6.3 a comparison between the results o f growth variables for batch and 
repeated batch experiments is represented.
Duration 
o f exp.
Final 
Cell conc.
Final 
glucose conc.
Yield Biomass 
production 
per cycle
Batch (run 14) 30+6 20+1.3 0.74 1.04+0.07 0.67+0.21
RB(runsl7-18, 80%HF) 18 29.3+22 2.6+1.1 1.99+1.5 4.95+4
RB(runs 19-20,90% HF) 18 22.8+3.2 0.79+0.3 1.37+0.2 1.15+0.3
Table 6.3: Comparison process performance between repeated batch and batch (without 
considering o f downtime) results
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This table shows that the average values o f yield and biomass production per cycle in 
repeated batch propagation, regardless o f harvest fraction, is greater than that obtained for 
batch propagation. It can be seen that the true yield increased by 32% when 90% HF was 
used as compared to batch propagation, while it was increased by 92% at 80% HF. The 
biomass production per cycle was increased by 72% at 90% HF and increased by 7 times at 
80% HF.
As expected, these results highlight the possibility of cycle to cycle variation, which is 
present at both HFs, but much more significant at 80%. This variation is reported in Tables 
6.2 and 6.3. For example, (see Table 6.2) the true yield at 90% HF (run 20) varied by 11% 
cross all cycles, while it varied by 82% at 80% HF. Furthermore, the biomass production 
per cycle at 90% HF varied by 25%, while it is varied by 81% at 80% HF.
6.3.3: Discussion of shake flask  results
In repeated batch operation it is essential to re-suspend cells when-they are in the 
exponential growth period. During this period, the cell population is growing at it's fastest 
and has it's highest viability. To ensure successful growth during each re-suspension it is 
crucial to select the correct combination o f dilution cycle time (DCT) and harvest fraction 
(HF). Incorrect selection o f DCT and/or HF may result in significant variability in the final 
cell concentration, from cycle-to-cycle, and hence impact upon process performance. For 
example, if DCT is set to high for a given HF then cells may enter the stationary phase and 
there ma\- be a significant lag at the start o f the next cycle. Alternatively, if HF is set to high 
for a given DCT then the initial population may be too large for the supplied nutrient, as 
such the population may consume all available nutrient before the end o f a cycle and cause 
the population to enter the stationary or decline phase.
From the batch data presented in Chapter 4, it is clear that cells grown in a culture with 2% 
glucose reach their maximum cell concentration after 20 ± 6  hours. During this period most 
o f the available glucose was consumed. Maximum population growth rate was reached after 
17 ±3 hours. From this information is has been determined that the most suitable DCT for 
these conditions would be 18 hours. Given this DCT cells are able to grow without nutrient 
limitation and are able to reach a satisfactory cell concentration without entering the 
stationary’ phase. HF can now be determined based on the ratio between maximum cell
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concentration typically obtained after 18 hours for a given inoculum. From the data 
presented in Chapter 4, the cell concentration was typically 10-fold that of the inoculum 
concentration after 18 hours. As such, the HF has been set at 90%. However, to investigate 
the influence o f HF, a HF of 80% has also been used in this study.
As expected, at a DCT of 18 hours and a HF o f 90% relatively consistent final cell and 
glucose concentrations are achieved of 22.8x10^+14% cells m f ' and 2.76 +23% g m f \  
However, at a dilution cycle time o f 18 hours and a HF o f 80% a markedly different result is 
obtained. The final cell concentration increases from 15.5 xlO^ ±10% cells mf* at the end o f 
the cycle to 51.7x10*^+ 2% cells m f ’ at the end o f the 5^*’ cycle, with the final glucose 
concentration falling from 3.5 +25% g n if ' to 2.9+17% g mf* over the same period. It is also 
noted that both o f these results were repeatable and reproducible.
It may be suggested that this increase in final cell concentration at a HF of 80% was because 
the selected HF was too low. To explain, when the HF is too low, too many cells are re­
suspended in fresh medium at the start o f the next cycle. Thus, the initial cell concentration 
for the 2” '^ cycle is higher than in initial cell concentration for cycle. Now, as the 2"^ cycle 
started with more cells present than cycle, the final cell concentration at the end of this 
cycle will be higher than the previous cycle. Furthermore, because the HF is still too low, re- 
suspending cells at end o f 2"^ cycle makes the initial cell concentration for next cycle even 
higher than 2"^ cycle. This process is then repeated for subsequent cycles, increasing the 
final cell concentration from cycle to cycle, until the initial cell concentration results in an 
over consumption o f available nutrient.
Due to the relationship between HF and DCT, an alternative view is to consider that the 
DCT was too high for a given HF. When DCT is too high, too many cells are produced and, 
as with too HF being too low, re-suspending too many cells in fresh medium, makes the 
initial cell concentration in 2"^ batch cycle higher than the initial cell concentration in the 
cycle and so on.
The data obtained for the repeated batch cultures can be compared to that obtained for batch 
culture under the same conditions. As expected, the average yield and biomass production 
per cycle were higher than in batch cultures. In this comparison, no account has been taken
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for downtime, by considering the downtime in batch process, the biomass production would 
be even lower for batch culture. The data also indicate that average o f final cell 
concentration at experiments with 80% was (see Table 6.3) higher than experiments with 
90%. This average at 80% was higher because final cell concentration at the end o f each 
cycle increased cycle to cycle due to inappropriate selection of DCT/HF combination. The 
amount o f average glucose which not used by cells at 80% was also high because only 75% 
of available glucose was used during first two cycle. This makes level o f final glucose 
concentration in these cycle high. According to these data, the biomass production per cycle 
at 80% was about 5 fold o f the biomass production per cycle at 90%. This increase occurred 
because the final cell concentration at cycle was 3.4 times bigger than in cycle increase 
from cycle while the final cell concentration at 90% was almost constant.
In conclusion, these data successfully demonstrate the principle of repeated batch operation 
and have highlighted the influence of one o f the key operating parameters, HF. However, 
due to timing constraints, it proved impractical to run repeated batch cultures for more than 
five cycles in shake-flask. Furthermore, although this method has proven capable o f 
generating highly repeatable and reproducible data, the lack of process control could 
generate misleading results. By using an automated feeding, harvesting and sampling system 
in combination with a fully controlled and computer monitored bioreactor, the response in 
the cell population, glucose and other parameters can be studied over many more cycles.
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6.4 -  Repeated batch cultivation in a bioreactor
Experimental results for aerobic repeated batch cultivation in a bioreactor are 
presented in Figures 6.5 -  6.10. In this study, two experiments (run 22 and 23) were 
performed at 90% HF and 18 h DCT, two (runs 24 and 25) were performed at 80% HF and 
18 h DCT and two (runs 26 ands 27) were performed at 80% and 12 h DCT. Each 
experiment was run for 22 cycles using the automated feeding, sampling and monitoring 
system (AFSM). Samples were taken at regular intervals before and after each cycles using 
the AFSM system.(see Chapter 5).
The raw experimental data for each of these runs is presented in the Appendix (Tables of 
A6.6 - A 6 .il) . These experiments were carried out with an initial cell concentration of 
between 17 and 21x10^ cells /ml. At the end o f each cycle, cells were re-suspended in fresh 
medium supplemented with 2% glucose. Other growth conditions were the same as those 
used previously for batch cultivation in the bioreactor (see Chapter 3).
Cell concentration, glucose concentration and pH data for two repeated batch experiments, 
carried out at 90 % HF and 18 h DCT, are presented in Figures 6.5 (run 22) and 6.6 (run 23). 
For run 22. the final cell concentration increased from 40.5x10^ cells/ml, for the cycle, to 
114x10^ cells/ml. for the 4'*’ cycle. The final cell concentration was then maintained at 
117x10^ cells/ml ±5.8% for the next 8 cycles (batches 5 to 12). A significant drop in final 
cell concentration was then observed for batches 13 and 14, the final cell concentrations 
being 68.1x10'^ cells/ml and 6 7 . 0 x 1 cells/ml respectively. The final cell concentration then 
recovered to 124x10^ cells/ml ±6.4% over the final 6 cycles.
The variabilit)- of final cell concentration is reflected in the final glucose concentration and 
pH data. Low final glucose concentrations and effective use o f glucose was only observed 
when a high final cell concentration was obtained. These results also showed that pH follows 
the same trend as glucose. From this data it is clear that some o f the available glucose was 
wasted in each cycle and, in total, 17% o f the glucose fed to the system was wasted over 20 
cycles. Clearly, more glucose was wasted in cycles 1, 2, 3, 12 and 13, those in which the 
final cell concentration did not exceed 100x10^ cells/ml, specifically, 72%, 60% and 16%
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respectively for cycles 1-3 and 40% and 17% respectively for cycles 12 and 13. This 
accounts for 36% of the total glucose wasted. Because the amount o f glucose which was 
consumed over all cycles was different from amount o f glucose which was fed, the value of 
the true yield (number of cells produced per mass o f  glucose consumed) and effective yield 
(number o f cells produced per mass o f glucose fed) was significantly different.
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FIGURE 6.5; Experimental data o f pH, cell and glucose concentrations o f repeated batch 
cultivation in bioreactor over 20 batch cycles with 90% HF and 18h DCT
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Figure 6.6: Experimental data o f pH, cell and glucose concentrations of repeated batch 
cultivation in bioreactor over 18 batch cycles with 90% HF and 18h DCT
For run 23. the final cell concentration increased from 89.3x10*^ cells/ml for the cycle to 
134x10^ cells/ml for the 6^ '^  cycle. The final cell concentration was then maintained at 
133x10^ cells/ml ±4.8% for the next 13 cycles. As with run 23, the variability o f final cell 
concentration is reflected in the final glucose concentration and pH data. A total 2.3% of the 
glucose provided in the media was wasted over the 20 cycles. Thus, true yield and effective 
yield are relatively similar.
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6.4.1: Repeated batch cultivation a t different H F
To study the effect o f HF on final cell concentration repeated batch experiments were 
performed at constant DCT with 90% and 80% HF. Based on preliminary batch and repeated 
batch results 18 h was selected as value for DCT. In this study, the experimental data 
presented previously for repeated batch cultivation conducted at 80% HF (Figures 6.5 and 
6.6) are compared with experimental data for repeated batch cultivation conducted at 90% 
HF. This data are presented in Figures 6.7 (run 24) and 6.8 (run 25). Raw data for these 
experiments are presented in the Appendix (Tables A6.6 -A6.9).
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Figure 6.7: Experimental data o f pH, cell and glucose concentrations from repeated batch 
cultivation in a bioreactor over 20 batch cycles with 80% HF and 18h DCT 
(run24)
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The final cell concentration for run 24 averaged 123x10^ cells/ml ± 20%. The highest final 
cell concentration was obtained during 19^ *’ cycle, 148x10^ cells/ml, and the lowest final cell 
concentration was obtained during 1®‘ cycle, 101x10^ cells/ml. The final glucose 
concentration and pH also remained fairly constant. The final glucose concentration 
averaged 1.9 g/1 ± 42% and over the entire run 11% of the total glucose fed to the system 
was wasted. Low pH and high effective used o f glucose were observed in those cycles which 
final cell concentration was higher.
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The data for run 25 is incomplete, however data was obtained for 8 cycles. The final cell 
concentration averaged 133x10^ cells/ml ± 9.4%. The highest final cell concentration was 
obtained during 2"  ^ cycle, 148x10^ cells/ml, and the lowest final cell concentration was 
obtained during cycle, 104x10^ cells/ml. The final glucose concentration averaged 2.3 g/1 
± 20% and over the entire run 14% of the total glucose fed to the system was wasted. Thus 
true yield and effective yield are relatively similar. The average final cell concentrations in 
these experiments are presented in Table 6.4. The variation of cycle to cycle final cell 
concentration for these experiments will be described in next (Section 6.4.3.1).
6.4.2: Repeated batch cultivation at different DCT
To study the effect of HF on final cell concentration, repeated batch experiments were 
performed at constant HF with a DCT of 12 and 18 h. In this study, the experimental data 
for the repeated batch cultivation at a DCT of 12 h presented in Figure 6.9 (run 26) and 6.10 
(run 27). were compared with the experimental data for the repeated batch cultivation at a 
DCT o f 18h presented previously; raw data of these experiments are presented in the 
Appendix (Tables A 6.8-A 6.il).
Overall, for run 26 the final cell concentration averages 136x10^ cells/ml ± 11%. The final 
cell concentration achieves a level of 142x10^ cells/ml after the first cycle and is maintained 
at 133x10^ cells/ml ± 8.0% for the first 4 cycles. The final cell concentration the drops to 
122x10* cells/ml on the 5*’’ cycle and maintains a lower average of 128x10* cells/ml ± 10% 
for the next 8 cycles before peaking at a level of 163x10* cells/ml on the 13*'^  cycle. The final 
cell concentration then falls again for the next 3 cycles falling to a level o f 110x10* cells/ml 
on the 16"’ cycle. This then recovers to an average of 152x10* cells/ml ± 3.0% for the last 
four cycles. Despite this variation in the final cell concentration, the final glucose 
concentration is quite consistent. Overall, 14% of the total glucose fed to the system is 
wasted, but this is distributed evenly across all cycles. As such, the true yield and effective 
yield are different.
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Figure 6.9: Experimental data o f pH, cell and glucose concentrations from repeated batch 
cultivation in a bioreactor over 20 batch cycles with 80% HF and 12h DCT(run 26)
For run 27. the average final cell concentration is 128x10^ cells/ml ± 18%. After the cycle 
the final cell concentration is only 80x10^ cells/ml, this increases to 108x10^ cells/ml after 
the second cycle and then averages 109x10^ cells/ml ± 4.0% for the next 4 cycles. It then 
increases to 141x10^ cells/ml after cycle 7 only to fall to 106x10^ cells/ml ± 2.0% for cycle 8 
and 9. The final cell concentration then averages 146x10^ cells/ml ± 6% for the next 9 cycles 
with the exception o f cycle 13 when it falls to 125x10^ cells/ml. The final glucose
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concentration in this experiment also varied between 3-5 g/1. In most batch cycles, the final 
glucose concentration was higher than 4 g/1 thus some available glucose was wasted in each
2 4 0  -i
- -  5
o  1 6 0  -
1 20
0 2 3 4 5 6 7 1 0  11  1 2  1 3  1 4  1 5  1 6  1 7  1 8  191 98
r esu sp en s io n  num ber
S  14
10
9 10 11 12 13 14 15 16 17 18 190 1 2 6 7 83 4 5
resuspension number
D ay l.................................................................................................................. Day 10
Figure 6.10: Experimental data o f pH, cell and glucose concentrations from repeated batch 
cultivation in a bioreactor over 18 batch cycles with 80% HF and 12h DCT(run 26)
cycle. In total. 26% of available glucose was wasted over the 18 cycles and as with run 26 
the true yield and effective yield are significantly different. Results o f  these experiments 
showed cycle to cycle variation o f final cell and glucose concentrations. The average final 
cell concentration in this study is illustrated in Table 6.5. The variation o f cycle to cycle final 
cell concentration for these experiments will be described in next (Section 6.4.3.2).
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6.4.3: Kinetics analysis of bioreactor results
In this section, the effect o f the repeated batch operating parameters on final cell 
concentration and on the key kinetic parameters; the percentage o f glucose utilised, the true 
yield and the cell biomass production per cycle (P), was studied. For this purpose raw 
experimental data of repeated batch runs (Tables A 6 .6 -A 6 .il) was used. By using these data, 
the kinetic parameters which have been defined previously (see Section 6.2) were evaluated. 
For each experiment the evaluated kinetic parameters over all cycles for each experimental 
run were evaluated. These parameters are presented in the Appendix (see Tables A6.12- 
A6.17). Data from these tables were used to evaluate the average o f kinetic parameters. 
These parameters are presented in Tables 6.4 and 6.5
6.4.3.1: Effect of varying the HF
Experimental data for runs 23 (DCT 18h, HF 90%) and 24 (DCT 18h, HF80%) have 
been compared to study effect o f HF on the final cell concentration, the percentage of 
glucose utilised, yield and biomass production per cycle, this data is presented in Figure 
6.11. From this figure it is clear that when the HF was increased from 80% (run 24) to 90% 
(run 23) the variability of final cell concentration was reduced. It can be seen that the final 
cell concentration at 80% HF is more variable than the final cell concentration at 90% HF. 
After an initial transition period (up to the 4^ ’’ cycle) the average final cell concentration at a 
HF of 90% was 132x10^ cells/ml ±6 .1% , with the exception o f a drop to 114.5x10^ cells/ml 
± 1.0% for cycle 19. This is compared to an average final cell concentration o f 123x10^ 
cells/ml ± 20% for a HF o f 80%.
Overall, variation in final cell concentration over all batch cycles was also determined for 
both experiments. Because the final cell concentration at a HF o f 90% reached a maximum 
value after 4 batch cycles, due to the initial transition period, the overall variation in this 
experiment (28%) was higher than the overall variation in experiment with 80% HF (19%). 
The average final cell concentrations were also determined and presented in Table 6.4. This 
Table 6.4 showed by increasing HF, the average final cell concentration was increased from 
123.6+24x10'’ to 125.3+36x10^ cells/ml.
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Kinetics parameter average
90%  harvest fraction 80%  harvest fraction
R u n  22 R un 23 R un 24 R un 25
Xo =  19.8 Xo = 12.2 Xo = 21 X o= 17 .5
18 cycles 19 cycles 20 cycles 8 cycles
Final cell concentration 
(millions cells/ml)
104.5+75 125.3±36 123.6+24 133.9+13
Final glucose conc. (g/l) 3.13±9.7 0.81+2.8 1.87+1.2 2.32±0.8
% glucose used 82.9±53.2 95.6+15.1 88.4±6.7 85.96±4.2
Yield (million cells/ml) per (g/1) 5.5+3.5 5.71+1.3 5.86+1.9 6.7±0.95
Biomass production per cycle
1 (millions cells/ml.h)1
4.6+3.5 5.56+1.3 4.59+1.5
.
5.29+0.65
Table 6.4; Effect o f HF on kinetics parameters at constant DCT
The percentage o f glucose used for all cycles is also illustrated in Figure 6.11. The average 
value of this parameter was also determined and is presented in Table 6.4. These results 
indicated that at a HF o f 90%, 95.6% of the available glucose was utilised, while at a HF of 
80% only 89% was utilised. The amount o f glucose utilised in each cycle for both 
experiments is shown in Figure 6.11. It can be seen that the level of glucose utilisation over 
batch cycles (except during the initial transition period) at a HF of 90% was greater than the 
level of glucose utilisation at a HF o f 80%. It is also apparent from this experiment that 
glucose is used by cells at a relatively constant rate, thus the amount of wasted glucose in 
this experiment was less (5%) than amount o f wasted glucose in experiment with lower HF 
(11%4).
The true yield for all cycles is presented in Figure 6.11. The average value of this parameter 
was also determined and presented in Table 6.4. This table indicates that the average value 
of yield in both experiments was relatively similar. Because o f the amount o f glucose 
utilised at a HF o f 90% was higher than at a HF o f 80% the effective yield at 90% was also 
higher than the effective yield at 80%.
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The biomass production per cycle was determined for all cycles. The values o f this 
parameter are presented in Figure 6.11. The average value of this parameter was also 
determined and presented in Table 6.4. This table indicated that average value of biomass 
production per cycle at a HF o f 90% was larger than at a HF o f 80%.
It can be seen from Figure 6.11 that the value o f biomass production per cycle over almost 
all cycles at a HF o f 90% (particularly after cell transition period) was greater than the value 
o f biomass production per cycle in experiment at a HF o f 80%. For this experiment this 
parameter was also varied less than in experiment with lower HF.
6.4.3.2: Effect of DCT
Experimental data for run 24 (HF 80%, DCT 18h) and run 27(HF 80%, 12h DCT) 
have been compared to study effect o f DCT on the final cell concentration, the percentage of 
glucose utilised, the yield and the biomass production per cycle, these data are presented in 
Figure 6.12. From this figure it is clear that when DCT decreased from 18h-(run 24) to 12h 
(run 27) the variability o f final cell concentration was also decreased. It can be seen that the 
final cell concentration at 12h DCT is more variable than the final cell concentration at 18h 
DCT. After an initial transition period (up to the 2"^ cycle) the.average final cell 
concentration at a DCT 18h was 120x10^ cells/ml ±6.1%, this is compared to an average 
final cell concentration o f 128x10^ cells/ml ±18%, with the exception o f a drop to 106x10^ 
cells/ml ±2% for cycle 9.
Overall, \ ariation o f final cell concentration over all cycles was also determined for both 
experiments. Because the final cell concentration at a DCT o f 18h reached a maximum value 
after 2 batch cycles, due to the initial transition period, the overall variation in this 
experiment (19 %) was lower than the overall variation in the experiment with 12h DCT (38 
%). The average final cell concentrations were also determined and are presented in Table 
6.5. This table show by decreasing DCT, the average final cell concentration was increased 
from 123.6x10^ ± 24 cells/ml to 128.4x10^ ±48 cells/ml.
The percentage o f glucose used for all cycles is also illustrated in Figure 6.12. The average 
value o f this parameter was also determined and is presented in Table 6.5. These results 
indicated that at a DCT o f 18h, 88.4% of the available glucose was utilised, while at a DCT
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of 12h only 74% was utilised. The amount of the glucose utilised in each cycle for both 
experiments is shown in Figure 6.12. it can be seen that the level o f glucose utilisation over 
batch cycles (except during the initial transition period) at a DCT of 18h was greater than the 
level o f glucose utilisation at a DCT of 12h. It also apparent from this experiment that 
glucose is used by cells at a constant rate, thus amount o f wasted glucose in this experiment 
was less (11%) than amount of wasted glucose in experiment with lower DCT (26%).
Kinetics parameter average
18h DCT 12h DCT
R un 24 R un 25 R un  26 R un  27
Xo = 21 Xo = 17.5 Xo = 22 :Ko = 20
20 cycles 8 cycles 22 cycles 18 cycles
Final cell concentration 
(millions cells/ml)
123.6+24 133.9+13 136.45±26.5 128.44+48.4
Final glucose conc. (g/1) 1.82+1.2 2.32+0.8 2.43±0.9 4.32±2.6
% glucose used 88.7±6.7 85.96+4.2 85.21+5.9 73.97±14.9
Yield (million cells/ml) per (g/1) 5.84+1.9 6.7+0.95 6.35+1.8 6.87+1.97
Biomass production per cycle 
(millions cells/ml.h)
4.59+1.5 5.29+0.65 7.45+2.74 7.06±2
Table 6.5: Effect o f DCT on variation o f kinetics parameters at constant HF
The biomass production per cycle was determined for all cycles. The values o f this 
parameter are presented in Figure 6.12. The average value o f this parameter was also 
determined and presented in Table 6.5. This table indicates that average values o f biomass 
production per cycle and yield at a DCT of 18h were smaller than at a DCT of 12h. It can be 
seen from Figure 6.12 that value o f biomass production per cycle over batch cycles at DCT 
o f 12h (particularly after cell transition period) was larger than the value o f biomass 
production per cycle in experiment at a DCT o f 18h. This parameter for experiment with 
higher DCT was also varied less than in experiment with lower DCT.
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6.4.4: Com parison of batch and repeated batch  cultivation
A comparison of key kinetic parameters for batch culture (run 9) and for repeated 
batch culture determined under same growth conditions re given in Table 6.6.
Process
Duration 
O f exp.
Initial
Cell
Conc.
Final
Cell
Conc.
Final
glucose
conc.
Yield Biomass
production
per cycle
Batch (ruii9) 28 +
28+11
19.2 155.5±9.6 0.1 6.71+0.34 4.86±0.34 + 
3.49±0.24
RB (run 23 at 90% HF) 18 12.2 125.3+36 0.42+.0.2 5.63+1.8 5.56±1.3
RB (run 24 at 80% HF) 18 21 123.6+24 1.82+1.2 5.84+1.9 4.59±1.5
RB (run 26 at 80% HF) 12 22 136.45+26 2.43+0.9 6.35+1.8 7.45+2.7
Table 6.6: Comparison process performance between repeated batch and batch cultures. Sign 
of means biomass production per cycle was evaluated without considering 
bioreactor downtime period which is assumed to be 40% o f  batch cultivation time.
This table shows that the average biomass production per cycle over 20 cycles was higher 
than that obtained values from batch culture. This biomass production per cycle was 
increased up to two fold when compared with batch biomass production per cycle. It can be 
seen that the true yield in batch experiments was higher than repeated batch processes. The 
average value of yield in run 26 was only 5% less than batch process. This process also had 
higher biomass production per cycle. However, this repeated batch process under selected 
DCT and HF has higher variability than other repeated batch cultures. Because o f higher 
variability the wasted amount o f glucose in this process is high. Thus in this process the 
effective process yield is more lower than true yield.
6.4.5: Linkage between repeated batch  results and  cell size
In three of repeated batch experiments (runs 24,26,27), the number o f cells at the 
beginning and at the end o f each cycle was measured in more detail. For this measurement
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cells were categorised by their size into four groups. Raw experimental data o f this 
measurement are presented in the Appendix (Tables A6.8, A6.10 and A6.11), Percentage of 
cells in each group at the end o f each cycle are determined and presented in Figure 6.13. (See 
Appendix on page B20).
Generally, these results showed that number o f cells with relatively same size varied from 
cycle to cycle. Depending on the growth conditions, the percentage of cells at the end of each 
cycle also varied. Thus, it seems likely that there is a relationship between cell size 
distribution and cell culture response. This relationship may be of use in the understanding 
of culture response during catastrophic failures.
6.4.6: Discussion of bioreactor results
Variation of final cell concentration was observed from experimental repeated batch 
results in a bioreactor. These results showed variable culture response when cells are re- 
suspended. Periodic, sudden increase and catastrophic failures o f cell culture's during cell re­
suspension were observed. This variability is in agreement with that obtained in other 
experimental repeated batch systems (Nisizawa et al 1984, Stavroulakis et al 1989)
Studies of repeated batch systems have suggested that variability o f final cell concentration 
was observed because o f changes in the growth conditions, specifically in the level of sugar 
in medium occurred (Shimizu et al 1984). Theoretical studies indicated that the variability in 
final cell concentration may occur even under specified growth conditions o f a culture with a 
constant level of sugar due to changes in cell age distribution during batch to batch.(Faraday 
1994)
To investigate this theory, repeated batch experiments were conducted. Cells were grown in 
a defined medium and under specific growth conditions. A custom designed automatic 
feeding, sampling, monitoring system (AFSM) was employed to ensure that the cell culture 
was re-suspended at constant HF/DCT conditions over 20 batch cycles. As a result, the 
media was almost the same at the start o f each cycle each cycle and hence the some other 
factor must be responsible for the observed variability o f final cell concentration and the 
more dramatic growth failures. Also, the concentration o f any residual metabolic products 
are diluted with a same dilution ratio thus minimising any batch to batch contamination o f
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medium. Thus, it can be concluded that in these conducted repeated batch cultures, the cells 
were completely re-suspended in fresh medium.
Selecting operating parameters o f HF and DCT was described in the discussion o f the shake 
flasks results (Section 6.3.3). Operating the repeated batch system under these operating 
conditions, should ensure that the cell population does not enter to the death period. Also 
under these conditions the cell population should reach approximately the same final cell 
concentration at the end o f each cycle and thus have approximately the same initial cell 
concentration at the start o f each cycle. Obtaining a final cell concentration of between 140- 
160x10^ cells/ml over 20 batch cycles confirmed this assumption.
Analysis of the cell concentration obtained from these experiments at the start and at the end 
of each cycle reveals the variability and periodic growth failures. Catastrophic failures were 
observed more readily in some experiments (Figures 6.5, 6.7, 6.9 and 6.10) than in others 
(Figures 6.6 and 6.8). In those experiments in which the variability of final cell concentration 
was high, the final cell concentration over the first few cycles varied significantly. On the 
other hand, variability o f these experiments was dependent upon the cell concentration in the 
initial cycles. Because the final cell concentration for the first batch cycle was lower than the 
maximum achievable despite the fact that most o f available glucose was used by the cells, a 
fraction of the cell population may have entered the death period. This effect increases with 
subsequent cycles and occurred because some part of this culture was used as inoculum for 
next cycle. Thus, cells will start to die and leave the cell cycle in some o f the subsequent 
cycles. This results in poor initial cell concentration and subsequent drop in performance 
(culture transition period). Less variation o f final cell concentration in some experiments 
(Figure 6.6 and 6.8) support this assertion. In these experiments, the final cell concentration 
in the first few cycles was relatively similar thus the variability was less.
This study confirmed that when the harvest fraction was increased from 80% to 90%, the 
performance o f the culture improved. During the first four cycles o f higher HF, the final cell 
concentration increased consistently while the amount o f final concentration is low. 
Subsequently  in this experiment, the final cell concentration remained relatively constant at 
125x10^ cells/ml with a variability o f  6 %. This performance was not observed in 
experiment with lower HF. The final cell concentration in this experiment reach to a
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maximum of 114x10^ cells/ml with a variability o f 11% only after 2 cycles and then 
maintained in this value for subsequent cycles.
This study also showed that when dilution cycle time reduced the performance o f the culture 
was decreased. This is a direct result of variation in the final cell concentration in the initial 
cycles (culture transition period). It seems at selected DCT (12h) HF was too low and final 
cell concentration in first three cycles varied in consistently. Thus, variation of final cell 
concentration was observed at subsequent cycles.
It is clear from the above discussion that both dilution cycle time and harvest fraction affect 
the cycle to cycle variability by causing changes in the final cell concentration in initial 
cycles. Results o f these experiments were compared with batch cultivation results under 
same initial conditions. Increase in yield and biomass production per cycle was observed in 
repeated batch experiments using 80% and 90% HF. In this comparison, the period o f batch 
downtime, which is assumed to be 40% of cultivation time was not .considered. By 
considering the downtime in batch process, the repeated batch biomass production per cycle 
will be much higher than is reported in Table 6.3. This study showed that the repeated batch 
process can be used as alternative process for enhancing biomass production per cycle with 
minimum changes in process operating costs and minimum capital expenditure.
In conclusion, these results show reproducibility and show complete repeated response for 
the few conducted cycles. By using the automatic feeding system these results can be 
obtained over at least 20 batch cycles. The results presented also indicate that repeated batch 
process is capable o f improving process performance under the same growth conditions, if 
operating parameters (DCT, HF) are selected conectly. The preliminary study o f repeated 
batch in shake flasks shows that variability o f process is dependent on the value o f HF.
6.4.7: Overall discussion and conclusion
This study demonstrates the principle o f repeated batch operation and has highlighted 
the influence o f DCT and HF as key operating parameters. It is also confirms that in repeated 
batch culture, the DCT and HF are both critical parameters in propagation o f this cell line 
when using this process.
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The data obtained shows that changes in either o f these parameters can cause variation o f the 
performance of the cultures. These variations are a direct result of final change in final cell 
concentration. These changes may result in poor culture response, which led to reduce 
biomass production per cycle or biomass yield. However, these data confirm that if  
parameters (DCT/HF) are tuned correctly, substantial increases o f biomass production per 
cycle may be achieved.
In comparison with batch culture, these data also indicate that this feeding strategy can 
improve process performance. Selecting combination o f 18 h as DCT and 90% as HF gives 
an improvement in overall (average) production per cycle. Under these conditions, this 
overall production per cycle was increase over batch culture by about 31%. The selected 
combination of 12 h as DCT and 80% as HF also gives two fold increase compared to batch 
culture.
This study also shows variation in cell size distribution from cycle to cycle when the 
operating parameters are changed. This variation may help to explain why the response o f 
the culture from cycle to cycle changes when other growth conditions are constant. This 
study also suggest a possible link between cell cycle distribution and cycle to cycle batch to 
batch variation when cells re-suspend. Finally, this study has highlighted the potential 
importance o f understanding cell cycle kinetics for the purpose of cell biology and for the 
purpose o f process engineering. The results obtained in the repeated batch study will be 
discussed in Chapter 7 together with the overall conclusions from this study.
160
Chapter 7: C losins discussion and conclusion
Chapter 7:
CLOSING
DISCUSSWNAND
CONCLUSION
161
Chapter 7: C losim  discussion and conclusion
Chapter 7: Closing discussion and Conclusions 
7.1; Closing discussion
The data presented in Chapter 6 has demonstrated that repeated batch 
propagation can yield higher productivity and process performance. However, 
the problems which makes this process less attractive have also become evident. 
during this study, i.e. the occuiTence o f significant cycle to cycle variation and 
periodic catastrophic failures in growth. As previously stated, these problems 
have also been observed by other workers (Nisizawa 1984, Stavroulakis 1991) 
and furthermore theoretical studies have indicated that variations in cell age 
distribution are a major factor in creating these problems (Faraday 1994); this 
latter study also revealed that operating parameters o f DCT and HF are critically 
important in influencing this propagation strategy.
One of the objectives o f this work was to validate the findings of Faraday 
(1994). To achieve this, data from experiments conducted using this strategy 
must be compared with data from these theoretical studies. These data were 
generated by using a novel population balance approach for the modelling of 
cell population growth developed by Faraday (1994). Data generated by this 
approach were based on a specific cell cycle model o f a hybridoma cell line. In 
generating the data for the theoretical studies many simulations of repeated 
batch experiments were conducted, under different operating conditions and 
over many batch cycles (up to 100 cycles). Combined with the fact that the cell 
line being simulated had a doubling time o f 16-18 hours, typically these 
simulations would represent over 5000 hours of cultivation time. Clearly, 
conducting such experiments practically in order to validate directly the finding 
of this cell cycle model would have proven to be very time consuming, labour 
intensive and expensive.
The alternative approach to this problem presented in this dissertation is to 
select another eukaryotic cell line, with a much shorter generation time, and 
undertake a smaller number o f specific experiments, suggested by the output 
from the theoretical work, and compare the results on a qualitative basis and not
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quantitatively. As such, the work presented in this dissertation focuses on the 
fission yeast S.pombe, which not only grows many times faster than the 
hybridoma cell line, but also has a very similar cell cycle to that of higher 
organisms. In addition, experimental data has been produced for S.pombe using 
repeated batch propagation at different operating conditions in both shake flasks 
and in a bioreactor.
The next stage, which has not been directly addressed in this work, would be to 
generate data on S.pombe from the theoretical studies. However, to generate 
these data a specific cell cycle model o f S.pombe must be available. The 
information for the development the specific cell cycle model may be derived 
from a limited number o f complex experiments, such as post synclu'onisation 
culture, from which the necessary cell cycle information (i.e. cell age or cell 
size distribution) may be gathered. The validity of this model also needs to be 
confirmed by predicting growth in these experiments under different conditions 
and even under different propagation strategies. This model can then be used as 
a predictive growth tool. This predictive tool can be used to suggest new 
experiments and improve existing experimental techniques.
The evidence presented in this dissertation would suggest that it may be 
possible to derive the same cell cycle information, as that obtained from those 
complex experiments, by conducting cultures using cyclic propagation 
strategies, such as repeated batch cultivation. Indeed, due to the complex and 
sustained nature o f the culture response, it is probable that much more 
information may be derived, especially if  more complex propagation strategies 
were applied. In the work presented in this dissertation, there is some evidence 
that the behaviour o f the cell population, even in an exponentially growing 
population, may be due to changes in cell cycle kinetics.
There is evidence that this propagation method appears to be influenced by cell 
cycle kinetics. This may lead to the generation of heterogeneous or partial 
synchronised cell populations, which can have both detrimental and beneficial, 
effects upon process performance depending the selection o f the DCT/HF 
combination. These parameters will determine the variation in cell age and cell
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size distribution from cycle to cycle and determine the quality o f the initial cell 
population when it is re-suspended in fresh medium. Consequently, this will 
directly impact upon the final cell concentration, which can cause a dramatic 
failure with respect to cell growth.
The observations made above have some implications for process control. 
Manipulation o f the cell age distribution could result in an increase in product 
yield and more effective consumption o f nutrients. This is the case when a 
propagation strategy such as repeated batch is applied. In brief, nutrients can be 
used when the majority o f the cell population requires it; this results in an 
increase in effective yield and productivity as reported in Chapter 6.
The approach adopted in this work has highlighted the importance o f several 
features of the repeated batch process. In general, it is of vital importance that 
the experimental data over the 26 experiments conducted in batch and repeated 
batch cultures were gathered accurately. A series of batch experiments (16 runs) 
in shake flask and in the bioreactor were conducted under different process 
conditions. Then repeated batch experiments were carried out, also in both 
shake flasks and a bioreactor and again under different process conditions. To 
carry out repeated batch experiments up to 500 hours (17 days) and over 20 
batch cycles, an automated feeding, sampling and monitoring system (AFSM) 
has been designed and used. This system successfully met all major 
requirements o f experiments which an operating repeated batch system under 
automatic mode with minimum intervention by the operator.
In this work batch experiments were initially conducted to identify the growth 
behaviour and determine growth parameters. These results were then used in the 
modelling o f data as an initial evaluation o f growth parameters using the Monod 
model. The modelling of experimental data helps to estimate growth 
parameters, which are independent o f growth conditions such as glucose 
concentration. The main observations from the batch experiments are discussed 
below.
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From the preliminary batch fermentation in shake flasks it was deduced that the 
size and age of the inoculum affected the growth pattern and final cell 
concentration. Old inocula increased the lag phase and had a slight affect on the 
final cell concentration. Best results were seen with larger (more concentrated), 
young inocula. One criterion o f this was that the cell length obtained was up to 
20 microns, which is in the range o f  cell size reported in the literature. As with 
the growth parameters determined from these experiments the findings 
concerning inocula confirmed the observations seen in the literature (see Table 
4.15). To confirm that the metabolism occurring in the cells was respiratory, 
samples were analyse for ethanol using Gas Chromatography, none was found.
The experimental batch results have been used in the running o f repeated batch 
processes under specified conditions. These conditions were determined when 
the batch growth kinetics study was initiated and the fundamental dependencies 
have been established. A series of repeated batch experiments (10 runs) were 
conducted under selected growth conditions. This comprehensive set o f the 
repeated batch experiments was applied to study the culture response to glucose 
consumption. Also the relationships between cell concentration (biomass), 
glucose concentration and pH were revealed.
Variation of cell concentration related to glucose concentration has been proven 
to be a useful scale for understanding the underlying variations o f the cell 
population. It means monitoring cell and glucose concentrations can provide an 
Indication of whether glucose has been effectively used during the process. 
Thus, information about this substrate concentration during growth process in 
cycle to cycle is very useful indication o f when the cell population will fail 
catastrophically. For this purpose glucose as the main growth limited substrate 
can be introduced as an indicator of chaotic failure of culture.
If experimental results o f cell population variations are sufficient to estimate the 
cell age distribution, the next stage would to be the use this distribution to 
anticipate the culture behaviour and then act on the process in order to increase 
cell number without leading to glucose exhaustion. This is the principle applied 
by Araujo (1998) in the development o f the model-based adaptive controller for
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repeated batch operation. The main observations from repeated batch 
experiments study are as follow:
These experiments show the variations o f cell and glucose concentration even 
under constant growth conditions and constant operating conditions. This 
confirmed variation o f cell population from cycle to cycle due to changes o f cell 
age and size distribution. The data obtained shows that the cell population 
variation is critically dependent on the operating conditions such as HF and 
DCT. Thus these parameters can influence on culture performance. These 
variations may result in poor culture response. However, data from this work 
confirmed that if  combination o f DCT/HF determined correctly, a substantial 
increase in culture performance may be achieved. This study also shows 
variation of cell size distribution over batch to batch cultivation. This 
distribution varies under different operating conditions. Depending on growth 
conditions the percentage o f cell number in each size (or age) varies. This 
observation supports theoretical studies that any variation o f cell concentration 
occurs due to change o f size or age distribution.
From these experiments, the similarity o f pH and glucose variation against cell 
concentration was revealed. This similarity o f pH and glucose m ay helps to 
understand more about variation o f the cells during each cycle continuously. It 
is possible that pH can be considered as an on line indicator variable in the 
control of cell population dynamics.
In comparison with batch operation, the present work indicates that this 
propagation strategy can improve process performance. Selecting combination 
of 18h as DCT and 90% as HF or 12 h as DCT and 80% as HF give an 
improvement in process performance in term o f overall biomass production per 
cycle up to 53%.
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7.2: Overall conclusions
The conclusions drawn from this research work indicate that implementation of 
repeated batch system in industry has great and wide applicability. The use of 
AFSM built within this study helps to suggest any change o f operating 
conditions may enliance process performance. The work presented showed that 
applying the repeated batch process was successful because it demonstrates the 
principal of repeated batch operation and has highlighted the influence of DCT 
and HF as key parameters.
This conclusion may be made drawn from the fact that under properly 
determined operating conditions, the biomass yield and biomass production per 
cycle were enhanced and it may be assumed that, the cell concentration in all 
batch cycles increased periodically by reduction o f the glucose concentration. 
On other hand in all cycles glucose was totally consumed and converted to 
biomass.
The specific objectives o f this work have been met in that:
1. Quantitative data o f batch process such as growth curves, identification of a 
growth limited substrate and the growth kinetic parameters have been 
obtained and analysed.
2. Based on batch results the best conditions for the running o f the repeated 
batch propagation system were determined. These conditions were used in 
both shake flasks and the bioreactor.
3. Fully automated feeding, sampling and monitoring system has been 
designed and used to operate repeated batch experiments under automated 
mode with minimum intervention by the operator
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4. The influence o f operating parameters, DCT and HF on process 
performance in repeated batch culture in shake flasks and in bioreactor was 
determined.
5. Process performance in terms o f biomass yield and biomass production per 
cycle for this propagation strategy was compared with batch operation and 
in both cases was enhanced.
6. Data present in this dissertation qualitatively validates some o f the 
observations o f Faraday (1994) with respect to variation o f cell age 
distribution from cycle to cycle. Quantitative validation of these studies 
would be obtained when the specific cell cycle model o f S.pombe is 
developed.
Results from experiments conducted in repeated batch process shows the 
adoption o f this strategy and determination o f proper operating parameters can 
lead to enhancement o f process performance in term o f biomass yield or 
biomass production per cycle without any increase in upstream processing cost 
or working capital expenditures.
7.3: Future work
Some general remarks and suggestions for future work are:
1. A specific cell cycle model o f S.pombe should be developed. Using this 
the validation o f theoretical studies can confirmed by comparing data from 
this model and data from the work presented here.
2. Interpretation o f experimental data with the cell cycle model to find the 
relationship between cell concentration and cell cycle infoimation such as 
cell size distribution. Particularly non-periodic behaviour o f cultures under 
different HF and DCT and an attempt to find the critical and optimal 
operating parameters
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3. Extend data for this propagation strategy over many cycles to prepare 
enough information o f cell cycle information. This information should 
used to modify the cell cycle model
4. Change operating parameters as suggested by the cell cycle model and 
determine process performance during new operating conditions
5. Develop and apply a model-based adaptive control scheme to the 
automated repeated batch propagation system to manipulate the operating 
parameters to enhanced process performance.
6. The findings from batch and repeated batch experiments have been shown 
that glucose or may be pH can be used as indicator of the unpredicted 
behaviour culture, and catastrophic failures. To modify performance of 
repeated batch process this variable (glucose) can be adjusted over those 
cycles which effective yield is not high. This may prevent culture failure 
over those cycles. Using AFSM system will help adjust this nutrient at any 
times which it is required.
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APPENDIXES
Chapter 3: Materials and Methods
Salts (x50)
MgClz. 6 H2O 
CaClz. 2 H2O KCl
Na2S0 4
N 2 Base (x l.l4 )
N H 4 CL KH Phthalate 
Na? HPO 4  
M inerals (xlOOO) Boric acid 
MnS04 
Z11SO4 7H2O  
FeCL 6 H 2O Molybdic acid KI
CUSO4 . 5 H2OCitric acid 
V itam ins (xlOOO)Inositol 
Nicotinic acid 
Ca panthothenate Biotin
D glucose (xlO)
52.5 
0.73 
50 g
5.7 g3.4 g2.5 g
0.5 g 0.4 g 0.4 g0.2 g0.04 ^
0.1g0.04*
1 s
10 g 
10 g
0.01g
200 g
20 ml
878 ml
1 ml
1 ml
900 ml 100 ml
1000 ml
Table 3.1: Ingredients In 1 1 of stock solution In 1 1 of EEM2m
The bioreactor was 3 1 in size but had a 2 1 working volume. A flow sheet of this 
bioreactor and its connections, probes, heating, cooling, sampling and control panel is 
shown in Figures 3.1, and 3.2 (see appendix B8 for more details).
3.2.3.2: The Electronic Particle Counter
A Coulter counter model ZM made by Coulter Electronics Limited (Figure 3.3) 
equipped with a Coulter channelyzer and a 50 qm diameter aperture (orifice) tube was 
used for cell counting measurements.
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These bottles and ten empty 250 ml Erlenmeyer flasks which were plugged with foam 
stoppers and covered with tin aluminium foil were sterilised by autoclave at 121 °C, for 
25 minutes. After autoclaving, salts, vitamins, minerals, and glucose solutions were 
added aseptically to N2 base bottle to make 1000 ml of EMM2m medium.
This medium was equally distributed between ten sterilised 250 ml flask under aseptic 
conditions by flaming to avoid contamination. These ten flasks containing 100 ml of 
EMM2m were stored until required.
Preparation of inoculum for shake flask fermentation
To prepare an inoculum, a sample o f S.pombe cells was taken from an agar slope using a 
Platinum loop and cultivated in 100 ml o f EMM2m medium, within a 250 ml shake 
flask. This flask was incubated for 24 hours in a shaking water bath (The Mickle 
Laboratory Engineering co.) at 30 °C and at 6 stiokes per minute (see figure 4.4). After 
this time 5 ml o f this culture was transferred into a new flask using a 10 ml sterile 
disposable pipette and incubated for 2 days.
This process was repeated every 2 days to maintain stocks. Two days cultivation time is 
enough to ensure a pre-culture flask with a final cell concentration o f approximately (20- 
100)xl0^ cells/ml for inoculating EMM2m medium in batch and repeated batch 
processes.
Preparation of medium EMM2m for LHbioreactor
The following volumes were taken from stock solutions to make 1800 ml of EMM2M.
* Salts: 36 ml into a 250 ml o f Duran (Duran) reagent bottle
* N2 base: 1580 ml into a 2000 ml of Duran bottles
* Minerals and Vitamins: 4 ml into a universal bottle: 1
I j * Glucose: 180 ml into a 400 ml Duran bottle
j These bottles were sterilised by autoclaving at 121 °C, for 25 minutes. After autoclaving,
Q  salts, vitamins, minerals, and glucose solutions were added aseptically to N2 base bottles
. to make 1800 ml of EMM2M medium for the bioreactor. This medium was then stored
until required.
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Transfer of medium into thebioreactor
To allow medium to be pumped aseptically flom 2000 ml Duran bottles, fitted with 
plastic tops through which 2 stainless steel pipes had been fitted. One pipe was 
connected to a silicon tube to transfer the medium and the other was comiected to a 0.2 
pm bacterial PTFE air filter to admit sterile air and avoid a vacuum when pumping.
This cap was sterilised in the autoclavable disposable bag and then fitted onto medium 
bottles containing of 2000 ml EMM2m using aseptic conditions. A Watson Marlow 
peristaltic pump (model 50lU  170 rpm) was used to supply medium from the bottle 
throughout the silicon tubing into bioreactor .
Inoculum preparation for LH bioreactor
All procedures for preparing an inoculum for shake flask fermentation were carried out 
as described for making 200 ml of pre-culture (see above).
This inoculum in 2x250 ml shake flasks which contained a cell concentration o f 50-100 
X 10  ^ cells/ ml was then transferred into a 400 ml sterilised Duran bottle which has a 
modified cap, under aseptic conditions. This bottle was used to inoculate o f 1800 ml 
medium in the bioreactor using a peristaltic pump.
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The haemocytometer
In this work the Neubauer Haemocytometer (fig 3.4) with a chamber depth o f 0.1 mm 
was used for microscopic cell counting. This chamber or specific microscope slide has a 
special square grid marked on the surface. A ridge on each side o f the grid holds a cover 
slip over the grid at set (known) distance, so that area o f a square is precisely known and 
hence the volume o f chamber may be calculated. Between 9 squares in each side only 
Central Square (1x1 m n f) wliich is subdivided into 25 smaller (1/5 x 1/5 mm^) squares 
is used for cell counting. Now only five squares o f A, B, C, D, and E in between 25 
squares (figure 3.4) are selected for counting o f cells.
The number o f cells for central square ( all 25 squares ) are given by :
Total Cells in central square = (Cells counted in squares A,B,C,D,E) x 5 
The number o f cells per m n f  in central square are given by :
Cells/ mm^ == (Cells counted x 5 ) / (1/5 x 1/5 mm^ area o f centre square )
The number of cells per mm^ in the specimen can be obtained by :
Cells / mm^ == { Cells/ mm^ } x ( 1/ 0.1 mm Chamber depth )
The number o f cells per ml o f specimen can be obtained by :
Cells / ml == (Cells / mm^ ) x (10^ mm^ / ml)
On other hand, the number of cells per ml o f specimen can be obtained by only: 
cells / ml == cells counted x  50,000
Cell Counting Technique
The sample of cell suspension to be counted is allowed to flow mider the cover slip and 
to fill the counting chamber. The number of cells in 5 of 25 girds is then counted under 
the microscope. Two such chambers exist on each slide. The total o f cells per ml is 
given by the number of cells counted in 5 large squares x50,000 for undiluted samples, 
and x50,000xDilution factor for diluted samples. For example if  52 cells were counted 
in lower side view and 48 cells were counted in upper side view (for undiluted sample), 
the total cell count would be ((48 + 52)/2 x50,000) = 2.5 x  10  ^cells /ml.
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The Coulter counter
This equipment is a particle size analyser, designed to give high precision over a wide 
range of particle sizes. It offers a wide range of operating modes for instance cell 
counting and size distribution. For optimum accuracy, some points that must be 
considered using Coulter counter are given below.
For counting particles with a size rang o f bigger than 2p.m. (similar to yeast cells), a 
standard latex particles o f sizes 2 and 10 pm is recommended to use to calibrate the 
Coulter counter.
A period 10-20 minutes is allowed for warming up time before maldng the first 
measurement.
The Coulter counter will only give good results when the cells are truly in suspension and 
have to be dispersed by agitation or using ultrasonic methods.
A background count is prepared using pure ISOTON II (a proprietary buffer electrolyte). 
The greater the number o f particles counted, the more precise is the analysis. (Samples 
were counted at least 5 times and averaged.)
The total of cells per ml is given by taking the average from all counts for each Accuvette 
X 1,000 for undiluted and xlOOO x Dilution factor for diluted samples. For example if  520 
cells were counted in first and 480 cells were obtained in second Accuvette II, the total cell 
count per ml would be (480+ 520/2)xl000) = 2500000 or 2.5 x 10  ^cells/ ml.
Coulter counter ZM set up specifications after calibration with latex :
Operating temperature range 10 - 35 °C
Orifice Diameter tube: 50 pm
Orifice length: 53 pm
Current (I): 300
Full scale: 1mA
Polarity: +1
Lower threshold (Tl): • 30
Upper threshold: (Tu) 99.9 (OUT)
Alarm Threshold(ms) OFF
Attenuation(A) +1
Preset Gain (Matching) 5 kO
Mode keys
Lower tlmeshold Diameter ( T l)  2.002
Upper threshold Diameter (Tu) OUT or »  5.546
Lower tlireshold Volume ( T l) 4.206
Upper threshold Volume (Tu) OUT or »  89.27
Calibration keys
Calibration factor value of Kd (Recommended) 8.000
Calibration factor value of Kd (calculated) 8.003
Material volume (fl) 15.47
Material Diameter (pm) 3.092
Aperture Diameter (pm) 50
Manometer Volmne ((pi) 50
Time (s) 0.00
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The spectrophotometer Lambda2
A Lambda 2 (Perkin Elmer) instrument was used for measuring residual glucose in cell 
suspensions. This instrument is capable o f reading and record sample over the wide range 
o f 190-1100 mil. Data were collected using PC running the Perkin Elmer PECSS software 
Package supplied with the instrument.
P reparation  of T rin d er reagent
Trinder reagent from the Sigma Diagnostic Kit (315-100) was prepared by dissolving 
the freeze dried enzyme from 1 vial into a clean dry amber container or a 250 ml flask 
covered with aluminium foil. One hundred ml o f de-ionised water were added to the 
container and mixed several times by inversion. This reagent that is enough for 25 
specimen measurements was stored at 2-6 °C and used during a period o f maximum 2 
weeks.
S tandard  T rin d er curve
The UV/VIS spectrophotometer Lanibda2 (PERKIN ELMER) was used in this 
experiment set up at 505 mil (see figure 4.3). The absorbence in samples were read from 
zero using an enzyme blank. A series o f known glucose concentration specimens were 
made from 0 (blaiilc) to 250 niMolar (45 g/1) in 10 steps were used. All these solutions 
were transfer into labelled test tubes.
From each tube 20 pi o f known glucose solution was pipetted into a 4ml disposable 
cuvette (Scientific Laboratory Supplies Ltd.). Four ml o f Trinder reagent were also 
measured into each cuvette and mixed with glucose by gentle inversion. This procedure 
was duplicate for greater accuracy.
These cuvettes were incubated at room temperature for exactly 18 min. The absorbence 
at 505 mil was read and recorded. The concentration o f each cuvette can be measured 
using a spectrophotometer as the intensity o f the color produced is directly proportional 
to the glucose concentration. Thus a standai'd Trinder curve was obtained by plotting 
absorbence (intensity) against the concentration. A blank was prepared using reagent 
and water instead of glucose and all samples were read against the blank.
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The peristaltic pump calibration
To better control the pump flow rate and to have a steady state flow rate during pumping 
process, this peristaltic pump (50lU  with 170 rpm at 100% of speed level) must be 
calibrated. The calibration o f this, allows to the determination of, how long this pump 
must be run to transfer a specific volume o f liquid from/to the bioreactor at the constant 
speed level (%).
Also using this measurement, the speed level of the pump can be set at any constant 
miming time to deliver desired volumes. In this case two set o f measinements were 
taken. The first at the constant speed level (15-60%), miming times of pump for the 
desired volumes (250-2000 ml) o f water were measured by using a stop watch.
Secondly, the pump was run at constant times (2,5 and 10 min) and the volume 
delivered for different speeds (15-60%) level was measured. These data plotted and in 
both cases a relatively linear relationships were obtained. These linear relationships were 
used to read which speed level (rpm) setting for specific would give the desired volume.
Conductive Level control system
A Conductive level controller (supplied to RS by OMRON) allowed the setting of two 
level (a minimum and maximum) to obtain a two points level controller was used to set 
volumes o f the culture to be pumped in and out from the bioreactor.
For this controller, the relay de-energised when the liquid level passes bellow the lower 
level and energised by timer after few second and then again de-energised when the 
level of liquid reaches the higher level.
B-7
The LH bioreactor
A bottom drive (stirred) LH using a magnetic stiiTer without baffles was used for runs 
o f fermentation in batch and repeated batch operations. The bioreactor was 3 I in size 
but had 2 1 working volume. A schematic diagram of thebioreactor and its comiections, 
probes, heating, cooling and sampling systems, and control panel is shown in figures 
4.3.
The top plate o f this vessel is shown in figure 4.3. On this plate a cold finger, immersion 
heater, temperature and pH probes, level control electrodes, and sampling hood were 
fitted. The cold finger and heater were fitted to set the temperature at 30 °C (optimum 
for S.pombe). To reduce the chances o f contamination, the sampling hood was fitted for 
taking samples from the bioreactor . Also an oxygen analyser was used for measuring of 
dissolved oxygen to control cell growth under aerobic conditions.
Setting up a bioreactor
The bioreactor was bolted and its volume was calibrated to 2.4 litres by filling it with 
water and adjusting the weir to the water surface. The temperature, pH probes, heating 
element and sample port were situated on the head plate. The air filters were connected 
to the gas out let and inlet ports on the head (top plate) of the vessel.
Silicon tubes were fitted with metal tubes on the sampling and feeding ports. All ends of 
the electrical leads, air filters, feeding and sampling ports were wrapped with foil. The 
bungs and ‘O ’ rings were placed on all unused ports. The bioreactor was autoclaved at 
121 °C, for 10 minutes free steam time and 15 minutes sterilisation time. This sterilised 
vessel was then bolted to a fermentation rig. The water outlet/inlet from the rig to the 
cold finger was connected and the cooling water went through the rig. After all probes 
and sensors were attached to the control panel, the EMM3 medium and antifoam 
(approximately 1 ml /1) were added to the reactor.
At this stage the air inlet thi'ough air filter was connected to the air outlet from the rig 
and set at a maximum value o f 600 ml/min. An outlet filter was coimected to the oxygen 
analyser/572 via a drying tube containing o f silica gel. Also stirrer was turned on and 
adjusted to 300 rpm. The on line monitoring parameters such as temperature, pH, stiner 
speed and dissolved oxygen (if is required) were specified on controller (panel) as 
follow;
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pH 3 - 8 ( monitored only , no control )
Temperature 30 °C
Agitation speed 300 rpm
P02 100%
Residual glucose O ff line ( glucose assay)
ROH O ffline ( G.C. if necessary)
The C ontrol System
The system o f a Set point control was used in this experiment. This system allowed a 
PID control strategy to be implemented. The temperature and stirrer speed were 
maintained on line by tuning o f the controller during the course o f the fermentation.
The Temperature Control :
This control consistent of a sealed, electric heater, a centrifuge pump, a temperature 
indicator and a cooling coil (Cold finger) for circulating water. The PID controller was 
capable of set point temperature control by circulating cold water continuously thi'ough 
the bioreactor to bring down the temperature to the desired set point. Also this system is 
capable of increasing temperature if  it is needed using the electric heater.
The Impeller Speed :
The Speed control was conducted using a PID controller. By this type o f control stiiTer 
speed can be changed (with limitation o f ±20 rpm in speed range o f 300-500 rpm) using 
adjusting the power input to the drive motor.
Air flow rate :
The air flow rate was adjusted by a manual control to a specific value using a by-pass 
valve on the rotameter (GAP.AID, England). The air was provided by an compressor 
miming at a constant speed and its flow rate was measured by a rotameter in range o f 0 
to 600 ml/min.
The measurement taken and their accuracv
The optimisation control is indicated (Montegue,1997) that the controlled parameters
should be within the accuracy o f :
Parameter Accuracy
Temperature + 0.1 °C
Stirrer Speed ± 5 rpm in range o f 50-300 rpm
± 20 rpm in range o f 300-500 rpm 
Gas flow I ate + 60 ml/min
Dissolved Oxygen (DO) ± 2 5 %
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SOLENOID VALVE
A three way direct-acting Solenoid valve (model RS, 488949 240V supplied by RS 
product) marked for circuit function C was used for handling of culture media in all 
repeated batch fermentation runs. The schematic diagram o f this valve and its circuit 
function diagram is shown in section 5.4.7.
Sterilisation of the solenoid valve
The solenoid valve contains electric parts should not be steam sterilised. Absolute 
alcohol (Ethanol) is therefore used. For this type o f sterilisation, first the distilled water 
must be pumped through each outlet (R and P) of valve by switching on/off of timer. 
Then Absolute alcohol can now pumped tlnough these ports by switching the timer 
on/off again. By clamping all these ports, valve can remain in sterilise condition. To 
avoid any internal deterioration o f valve by alcohol, the sterilisation o f valve must be 
done not more than 2 days before running o f experiment.
Ending of Fermentation
All the modules were switch o ff and discomiected from the probes. The culture was 
removed into kill tank and Hycolin was added. Thebioreactor was dismantled and 
cleaned thoroughly in preparation for next run.
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The M ultifunction timer
Multi function controller
Using this timer (model/ 11 pine plug in version type C and D supplied by RS products) 
any value of DCT (up to 60 hours) and any value of harvest fraction ( up to 60 minutes 
of pump running time) was achievable.
Multi-function timer
Using a multi-function timer is one o f the options for control applications or for direct 
switching on and off a pump. This type o f timer is capable o f any rapid replacement in 
the high time range (up to 60 minutes). This capability makes this timer suitable for 24 
hours controlled pumping operation as recycling of liquid from bioreactor.
The basic operation o f this timer is to provide 2 on delay and 1 o ff delay functions. The 
time range o f the timer depends on the type o f timer. For high delay time o f 6-60 
minutes and for 6-60 hours timer type D is recommended. Otherwise for 6-60 seconds 
and 6-60 minutes type C is recommended.
Timer Setting :
For any change of DCT or running time o f pump and solenoid if  is required to adjust the 
pulse and pause of each timer individually or together with other timers. This is a very 
time consuming procedure. Before any setting up the timer, power supply and all 
connections to pump and solenoid valve must be removed. The setting up procedure of 
timer must be done by electrical staff or from RS products instructions (see page 2-926 
o f RH catalogue 1998 for more details).
B-11
Kinetic parameters calculations
In order to estimate the values of the kinetics parameters, it was necessaiy to make a 
series of batch runs with different levels o f substrate concentration.
Estimation of growth variables
The specific growth rate o f biomass can be measured from equation (1).
1
Xave rx =
dx
dt /^ = X //m ax
J L l
rx
Xave
S X fx max (1)
Estimation of specific growth rate
According to this equation / / is  not constant and can vary between different growth 
phases. However, in exponential growth phase, this parameter is constant and can be 
measured directly from experimental data o f the cell concentration by using Malus law. 
In this study // is estimated by
// = ( InX -  Ln Xo)/ (T-To)
Time
Estimation of growth rate
The value of or (dx/dt) can be determined by various methods. Three o f these methods 
are:
1- Plotting o f a smooth curve thorough the points and measure its slope o f this curve.
2- Numerical differentiation
3- Curve fitting
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X3
X dX
Time
In numerical differentiation between the values equally spaced on either side o f the 
data point being analysed and divided by the approach time interval
rx = dt L r3~n
Xave = X  between Xn and Xn-2 here Xave — X]
Estimation of growth parameters 
Lineweaver-burke plot method
A more accurate graphical method for deteimining //max and Ks involve rearranging 
Mo nod equation in the form of Lineweaver-burke type plot. By this method // max and 
Ks were yield by transformed o f three variables o f S, X, and r^ from Monod model into
two variables of ix/Xave and S and define // = -------Xave as new transformed variable:
// rxXave
Xave
X \ S
r o r  Æ9 \ 1— — X —
V/A ^//m ax S
X
X fj, max
1
(1)
//m ax
+ 1//m ax (2)
Easily Ks and pmax can be estimated by plotting o f 1/p against 1/Ks and straight line 
should get with Ks/pmax as slope, 1/pmax and 1/Ks as y and x axes intercepts.
Estimation of yield coefficient
By plotting a linear relationship between two transformed variables o f (is/Xave, iVXave), 
yield coefficient (Yx/s) can be estimated by using a method similar to Lineweaver- 
Burke plot.
rs
Xave
1
V Xave
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ûff T 3-T 1
ms -  maintenance constant
rx
Xave + ms X Xave
rs Slope =
Xave
ms = intercept
Xave
dx
dS= S3-S1
Michaelis-Menten plot
This method is used to analysis o f kinetics data from a single substrate enzyme. Since 
most biochemical reactions are enzyme catalysed it was reasonable to expect that where 
one of the substrates in a medium eventually limits the growth o f a microorganism, the 
expression for growth rate of the microorganism would be related to this limiting 
substrate concentration. Furthermore, the amount o f enzymes for growth can be 
expected to be proportional to the amoimt o f microorganisms present. Thus the generally 
accepted expression for cell growth with a single limiting substrate is :
5  ^// TOCXave X jLL max (1)
//m axx ^rx = 1-------------  X XaveKs + S  '
The principal characteristics o f this expression are shown in this figure. Note particularly 
the effect of Ks on growth rate. The smaller Ks, the more effective the cell is at growing 
at high rate at a low concentration o f the limiting substrate. In the natural environment 
cells tend to evolve with a Ks value two orders o f magnitude (a factor o f 100) less than 
the normal concentration o f their limiting substrate.
P  max.
K s
S
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Estimation of specific glucose consumption rate (qs)
This parameter can be directly estimated from data o f the cell and glucose 
concentrations by measuring slope o f a linear relationship between glucose and cell 
concentration (Xave)
Run 4 qs = dsn/dtn = (Sn+1- Sn-1)/(tn+1 - tn-1)
time (hr) So =20g/l Xo = 1 Ixan = (Xn+1+Xn-1)/2) d s n /d tn  = (S n + 1 - S n -1 )/(tn + 1  - tn -1 )
0 18.80! 100 1,00 0.00
7 18.421 2.11 2.62 0.03
11 I 8.42 ! 4.23 8.93 0.05
16: 17.97' 15.76 31.13 0.65
26 8.71 58.03 38.22 1,05
28 5.361 60.68 63.45 0.72
36 1.51 68.87 71.70 0.41
38 1.28 82.72 74.20 0.01
48 1.351 79.53 79.53 0.00
Specific glucose rate
d s n / d t n  »  ( S n + 1 -  S n - 1  )/(tn-+-1 -  t n - 1 )
y = O OSGBx - O O
Ru,
% l i n r i  I Ï  I I i a i > l | - i . i i i . i i
1 0 ( m i l l i o n  c e l l s 4 0 5 0
R ji0 cWc&=(X i^ -Xn-iy(Li-tn.i) irs=dsr/dtn = (SP+1- S>1)/(trH-1 - tn-1
tim Xo=ia2m amor sarrpl sarpl ix=dx/d|LnX!So=20 iXo^a2an9 Xa=(XrH-1+Xn-1) dsrVdtn=(STM-1- Sh-1)/(trM-1 - tn-1)0 19.20 070 19.90 1850 000 295 19 iq 1920 192 OOC4 27.50 1.50 29.00 2600 4.1^  331 laoq 27.50 3385 0817 4850 1.10 47.40 49.60 1344 485d 63 23610 985^ 1.90100.40 æed 11.111 4.5^ 3Sd 965d 965 1.4816 i48æ 3171151.6714533 7.13 500 010 1485d 127 04918 15650 12761^ 74 168æ 928 500 000 15550 74.25 -001
2 . 5
S p e c if ic  g lu c o s e  ra te
d s n / d t n  = (S n + 1 -  Sn-1 ) / ( tn+1  - tn-1)
L inear  (d sn /d tn  = (S n + 1 -  Sn-1 ) / ( tn+1  - tn-1))
1 . 0 1 9 4
X a (ftftllion cé tfè /m l) 6 0
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Monod kinetic model 
Growth model of batch culture
In the simplest approach to modelling batch culture, is assumed that the rate o f increase 
in cell mass is function o f the cell mass only.
î = / wat
Such a form does not require us to neglect changes occurring in the medium during 
growth. The M althu’s law is one of the simplest m o d e l.
—  = // X Xave (5)dt
An obvious limitation of such a model is that it only describes the growth during the 
exponential phase, and also assume that the growth rate is a constant tluoughout the 
exponential phase.
Monod kinetic model
One of the most widely employed expressions for the effect o f substrate concentration 
on p is the Monod equation, which is an empirical expression based on the form of 
equation normally associated with enzyme kinetics or gas adsorption. Growth is usually 
described by:
rx
Xave Ks + S X ju max (6)
Where I'x is the rate for cell growth, S is the substrate concentration and Xave is the cell 
concentration. These three variables which we get from the experimental data; pmax and 
Ks, the saturation constant for substrate, are paiameters which are chai'acteristic o f the 
cells and should remain the same if  temperature, pH, substrate concentration and other 
environmental conditions are unaltered.
The fermentation kinetics is often described adequately by this model when the 
concentrations o f those components which inhibit the cell growth, are low. According to 
Monod model, further increase in the nutrient concentration after p  reaches to pmax does
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not affect the specific growth rate, as shown in last figure. However it has been observed 
that the p decreases as the substrate concentration is increased beyond a certain level.
Euler integration
Euler’s numerical method as simple method for integrating an data, the derivative at the 
starting point of each interval is extrapolated to find the next function, the method has 
first order accuracy.
dx
dt -  jLix Xave (5)
A rxXave
S X // max (6)
(5): (6) ^  = f —  I// maxx Xavedt \K s  + S  ) (7)
Euler integration : dx Ax  ^ dx , % ------  rr>  Ax = ---- X A /dt A t dt (8)
(7) : (8) ÀA: //m axx 5 x  ,   X A/ (9)
ds „  Ll—  = —Xave X —-—  dt Y x  / 6' (10)
ds // max ( S—  = —Xave X  -------dt Y x  / s \  Ks + iS y (11)
Euler integration ;
( 1 1 ) :  (1 2 )
ds As 
dt A t
A ,As -■—  X At dt
As = - // maxx Xave Y x /  s X A f
(12)
(13 )
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x{t + A t)  »  x{t) + Ax
s{t + A t) % s{t) + As
(14)
(15)
(9): (14) => x{t + At) = x(t) +
I +  A t  =  tn , ( / ) = / » - !
// maxx Xave x S X  A t
—^  A t  — tn — tn -  I
(16)
(17)
( 1 7 ) :  ( 1 8 )  = >  x{tn) = x{t) + //m axx X avex X (tn  -  tn -  1) (18)
for example : x(/i) = x(to) +
or x (/2) = x(fi) +
// maxx Xave x
// maxx Xave x
So
Ks + So
r Si
X ( / l  -  to) 
X(t2 — / l )
//m ax
Yx/.y X Xave X xA r (19)
// max f S n - \  \X XY x !  s K s  +  Sn -  1 j X (tn — tn -  l )  (20)
for example s(t\ -  s(to) //m axY x / s X Xave X
So
Ks + So X (ti -  /o)
111 these equations : Xo = initial cell concentration
So = initial glucose concentration
Xflve — 1 X (Xn+Xn-1)
jiim ax,Y ^/ s, and y Ks are constants which will suggested firstly fi'om estimated values of 
graphical method which mentioned in appendix i
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s  =  s  exp, X =  Xexp 
S model = predicted value for S 
X model =predicted value for x
O = Error function
I j=\
^ X  ex p - X  mod el ^  
X  exp 7 j - \  \
^5exp-*Sm odg/^
S'exp (21)
B-19
Linkage between repeated batch results and cell size
In three of repeated batch experiments (runs 24,26,27), number of cells at the 
beginning and at the end o f each batch cycle was measured with more details. For this 
measurement cells are categorized by their size in four groups. Cells with sizes less than 
8p categorized in group A, cells with size between 8-12 p (group B), cells with sizes 
between 12-17p (group C) and finally cells with sizes between 17-22p (group D). In this 
study group A o f cells are assumed as spores or cells with unlaiown size. Cells in group 
B are assumed as divided cells (baby cells) which are in S phase and cells in gi'oup C as 
growing cells which are in 0 2  phase, and finally cells in group D as mature cells near to 
divide which are in M or in 01  phases.
Raw experimental data o f this measurement are presented in appendix (see Tables A6.8, 
A6.10 and A6.11). Size distribution or percentage o f cells with in each group in the end 
of each batch cycle for each experiments are represented in Figure 6.13. By considering 
this fact which duration o f cell cycle phases in S.pombe is constant thus by this data 
approximately cell age distribution o f this cell line can be estimated.
Figure 6.13 shows that different size distribution was observed fiom these experiments 
under different operating conditions. It can also seen that number o f cells at each group 
vary batch to batch in each experiment. Depend on growth conditions the percentage of 
cell number in each group (or each phase) varied. For example cells in each group in 
experiment with 12 h DOT and 80% HF (run 27) varied less than cells in experiment 
with 18 h DOT and 80% HF.
These data show that those experiments which final cell concentration vary with higher 
percentage , the variation o f size distribution was high. Thus it seems that there is a 
relationship between the size distribution and culture response in repeated batch process. 
This relationship may use for understanding of culture response during catastrophic 
failures. This also can use for predicting growth during repeated batch culture for 
enhance productivity.
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Figure 6.13: Size distribution against re-suspension number , run 26(top), run 
27(middle), run 24 (bellow)
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